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ABSTRACT 

This report describes the technical efforts made and the achievements accomplished 

in the design and development of a silicon ultra-high frequency power transistor 

capabable of delivering 20 watts of output power at 430 megacycles with a minimum 
efficiency of 50 percent and a power gain of 6 dB.  

a program sponsored by National Aeronautics and Space Administration Contract 

The work was performed under 

NO. NAS5-3705. 

The program called for the delivery of 300 silicon power transistors capable of 

meeting the following requirements. 

0 Maximum Ratings at 25 C 

BVCEO BVCEX B V ~ ~ ~  IC pC TJ T~~~ 
65 Vdc 75 Vdc 5 Vdc 2 Adc 35 watts 20oOc -65'~ to 

VEB=-1.5Vdc @TC=25'C +20O0C 

Par meter 

Power out 

Power gain 

Efficiency 
(DC to RF) 

Device Specifications 

Conditions sy_m * 
vcE=28 Vdc P.O. 
RF Pin=5W 

f=430 Mc/s 

T =25OC C 

V =28 Vdc 

RF P0=20W 

f=430 Mc/s 

CE 

0 TC=25 C 

V =28 Vdc 
f =430Mc / s  

RF P0=20W 

RF Pin55W 

DC PinzbOW 

CE 

P.G. 

Eff. 

Min . Max. U n i t s  

20 - watts 

6 - 

50 - 

dB 

percent 
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Parameter 

S t a t i c  forward 
cu r ren t  t r a n s f e r  
r a t i o  

S a t u r a t i o n  v o l t  age 

Co l l ec to r  cu to f f  
cu r ren t  

Col lec tor  c u t o f f  
cu r ren t  

Co l l ec to r  cu tof f  
cu r ren t  

E m i t t e r  cu to f f  
cu r ren t  

Breakdown vol tage  

Thermal Resis tance 

Device S p e c i f i c a t i o n s  ( c o n t . )  

Conditions ~~~ 

h~~ V = b  Vdc 

I =1.0 Adc 
CE 

C 

'CE ( SAT Ic=750 mAdc 

1~=150 mAdc 

VcE=75 Vdc 'CEO 
I B =o 

ICES V =28 Vdc CE 
v =o EB 

ICES V =75 Vdc CE 
v =o EB 

VEB=5 Vdc 

I =o C 

V = - l a 5  Vdc EB 

IEBO 

BVCEX 

O J - C  

Environmental *Tests and End Point S-oec i f ica t ions  

Environmental t e s t s  

SYM. M I N  . - - TEST CONDITIONS - 
Lead f a t i g u e  according t o  M I 1  Spec MIL-STD-750 

MAX. UNNS - 

Solder ing  

Temper a t  u re  

according t o  MIL Spec MIL-S-19,500 

-65 t o  + 20O0C 
5 cyc le s  

Shock non-operat ing  
1500 g for 0 .2  msec. 

Hermetic S e a l  according t o  MIL Spec. MIL-STD-202B 
Notice 2 ,  Method 112, e i t h e r  Test Condition 
A o r  B (10-5 a t m  cc / sec  l e a k  ra te  and t e s t  
condi t ion  C (loq8 a t m  cc / sec  l e a k  r a t e )  

Max. U n i t s  
- - 

1 . 0  v o l t s  

100 PA 

1 PA 

100 PA 

100 UA 

v o l t s  

c /w 0 
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TEST 

Power out 
- CONDITIONS 

V =28 Vdc CE 
RF Pin' gw 
f=b30 Mc/s 

TC=25'C 

Co l l ec to r  cut-  V,,=28 Vdc 
o f f  cu r ren t  LIi 

V =o EB 

V =5 Vdc EB 
I -0 C- 

E m i t t e r  cut-  
o f f  cu r ren t  

SYM. - M I N  . MAX. m a s  
P.O. 1 5  - watts 

- 
I CEO 

- 
ICES 

- 
IEBO 

200 UA 

2 ClA 

200 PA 

To meet t h e  goa ls  of t h e  con t r ac t  a n  improved overlay s t r u c t u r e  w a s  developed which 

r e s u l t s  i n  h ighe r  e m i t t e r  per iphery  t o  e m i t t e r  area and emitter per iphery  t o  base 

area r a t i o s  than  werepreviously obta inable  wi th  s i l i c o n  power t r a n s i s t o r s .  

emitter s t r u c t u r e  was changed from the 0.5 m i l  squares  used on t h e  RCA 2N3375 

device ,  t o  0 . 1  by 1 .4  m i l  l i n e s .  

The 

A u n i t  c e l l  approach w a s  used t o  develop t h e  necessary technology and determine 

t h e  ga in  and power c a p a b i l i t i e s  of the s t r u c t u r e .  The u n i t  c e l l  w a s  capable of  

one w a t t  of  output  power a t  430 megacycles wi th  a power ga in  i n  excess of 10  dB.  

The u n i t  c e l l  w a s  s ca l ed  up 26 t imes f o r  t h e  i n i t i a l  design of t h e  20-watt u n i t .  

A power output  of  2 1  1 / 2  w a t t s  was obtained wi th  7 w a t t s  of input  power with 

an e f f i c i e n c y  of 53 percent .  However,a s p e c i a l  package w a s  r equ i r ed  f o r  t h i s  

performance. The u n i t  w a s  redesigned f o r  h igher  power ga in  and e f f i c i e n c y .  The 

e m i t t e r  c e l l  s i z e  w a s  reduced from 0.15 by 2.0 m i l s  t o  0 . 1  by 1 . 4  m i l s .  

Three hundred and f i v e  f i n a l  t r a n s i s t o r  samples mounted i n  t h e  s tandard  TO-60 

case  were submit ted t o  t h e  cont rac t ing  agency. Power ga in  measurements made on 

t h e s e  devices ,us ing  a 430-megacycle Class C a m p l i f i e r  t h a t  employed tuned l i n e s ,  

revea led  power outputs  of as much as 21 .3  w a t t s  wi th  a 5 - w a t t  d r i v e .  The median 

device had a power output  of 17.7 watts wi th  a power ga in  of 5 . 5  dB and an ef-  

f i c i e n c y  of 60 percent .  
1 
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I. INTRODUCTION 

rnl l ne  design and f z b r i c a t i o n  c f  a t r a n s i s t o r  capable of d e l i v e r i n g  20 watts of out- 

pu t  power at  430 megacycles r equ i r e s  t i g h t  c o n t r o l  o f  s t a r t i n g  m a t e r i a l ,  d i f f u s i o n  

depths ,  base width,  and su r face  geometry. Alignment to l e rances  of one micron 

must be  maintained, and v a r i a t i o n s  i n  base  width must be con t ro l l ed  t o  wi th in  

-0.05 micron. + 

P a r a s i t i c  capaci tances  and inductances a s s o c i a t e d  wi th  t h e  p e l l e t  and t h e  package 

become inc reas ing ly  important t o  device performance i n  high power, high frequency 

a p p l i c a t i o n s  i n  t h a t  they  have a degenerate e f f e c t  on power ga in .  To minimize 

p a r a s i t i c  capac i tance ,  t h e  emi t t e r  per iphery d i c t a t e d  by t h e  output  power requi re -  

ments of t h e  device must be contained w i t h i n  t h e  sma l l e s t  poss ib l e  base  area. 

An improved over lay  s t r u c t u r e  w a s  developed, under t h i s  c o n t r a c t ,  t o  achieve t h i s  

a i m .  The s t r u c t u r e  incorpora ted  a smaller emit ter  and a t i g h t e r  packing dens i ty  

than  those  of previous over lay  devices ,  such as t h e  2~3375.  

Severa l  p e l l e t  and package conf igura t ions  of improved overlay s t r u c t u r e  were 

i n v e s t i g a t e d  f o r  t h e  purpose of reducing e m i t t e r  l e a d  inductances.  The r e s u l t s  of 

t h e s e  i n v e s t i g a t i o n s  l e d  t o  a f i n a l  design which incorpora ted  a lon? p e l l e t  with 

a base aspec t  r a t i o  of 10 t o  1 f o r  low emitter l e a d  inductance.  

The 6 d ~  power ga in  a t  20 w a t t s  output and over 50 percent  e f f i c i e n c y  at 430 
megacycles achieved by t h e  device developed under t h i s  con t r ac t  enphasizes t h e  

advantages a f forded  by t h e  overlay s t r u c t u r e .  S i g n i f i c a n t  advances i n  t h e  state- 

of- the-ar t  i n  t h e  areas of d i f fus ion  and p h o t o r e s i s t  technology were r equ i r ed  t o  

meet t h e  d e v i c e  goa l s .  

1 



11. DISCUSSION 

A. Device Design Considerations 

1. In t roduct ion  

The frequency response of a device i s  r e l a t e d  t o  t h e  f i n i t e  t ime r equ i r ed  

f o r  t h e  e f f e c t  of a change of p o t e n t i a l  a t  t h e  e m i t t e r  t o  be  f e l t  a t  

t h e  c o l l e c t o r  te rmina l  of t h e  device.  This t i m e  i s  r equ i r ed  due t o  t h e  

mobi l i ty  and v e l o c i t y  of c a r r i e r s  and r e s u l t s  i n  a phase l a g  between in-  

pu t  and output  s i g n a l .  A s  t h e  frequency i n c r e a s e s ,  a p o i n t  i s  reached 

where t h e  device does not respond t o  inpu t  s i g n a l  v a r i a t i o n s ,  thereby  

r e s u l t i n g  i n  a decrease i n  t h e  power g a i n  of t h e  device.  

The t o t a l  t i m e  de lay ,  T of a device i s  comprised of fou r  terms: t h e  

e m i t t e r  junc t ion  capaci tance charging t i m e ,  T t h e  base  t r a n s i t  t i m e ,  

T t h e  deple t ion  reg ion  t r a n s i t  t ime,  T and t h e  c o l l e c t o r  j unc t ion  

capaci tance charging t i m e ,  T 

ec’  

e’ 

as shown below i n  equat ion (1). 
b’ X’ 

C 

where: T = emit ter  t o  c o l l e c t o r  delay t i m e ,  ec 

T e = e m i t t e r  j unc t ion  charging t i m e ,  

= base  t r a n s i t  t i m e ,  
b 

T 

T = dep le t ion  region t r a n s i t  t i m e ,  and 

T = c o l l e c t o r  j unc t ion  charging t i m e .  

X 

C 

Since a major problem a r e a  i s  t h e  high opera t ion  frequency of 430 
megacycles,this s e c t i o n  covers i n  d e t a i l  t h e  many f a c t o r s  a f f e c t i n g  f r e -  

quency response.  

a successfu l  p e l l e t  design be  accomplished. 

Only through a thor’ough a n a l y s i s  of t h e s e  f a c t o r s  can 

The manner i n  which t r a n s i s t o r  performance v a r i e s  wi th  frequency i s  de- 

termained by var ious  t r a n s i t  t imes and R-C charging t imes ,  both i n t e r n a l  

and e x t e r n a l ,  t o  t h e  semiconductor p e l l e t .  

behavior  at  high f requencies  can be t r e a t e d  i n  two s e c t i o n s :  

An ana lys i s  of t h e  t r a n s i s t o r  

device 

2 



c ross  s e c t i o n a l  and su r face  geometry l i m i t a t i o n s  and package degenerat ion 

e f f e c t s .  The high frequency performance of t h e  t r a n s i s t o r  can be charac- 

t e r i z e d  by t h e  supe rpos i t i on  of these two e f f e c t s .  

2 .  E m i t t e r  Charging Time _- , 
A s  can be seen from t h e  p l o t  of t h e  proposed impuri ty  p r o f i l e  shown i n  

F igure  1 , t h e  emit ter-base junc t ion  i s  very nea r ly  an n-p s t e p  junc t ion .  

It i s  w e l l  known t h a t  i n  a semiconductor j unc t ion  an equi l ibr ium contac t  

p o t e n t i a l  i s  e s t a b l i s h e d  due t o  t h e  d i f f u s i o n  of  f r e e  c a r r i e r s  ac ross  

t h e  junc t ion ,  which r e s u l t s  i n  ion ized  impuri ty  atoms on e i t h e r  s i d e  of 

t h e  junc t ion .  2 5 s  d i f fus ion  process  and subsequent equi l ibr ium contac t  

p o t e n t i a l  r e s u l t s  i n  a deple t ion  reg ion  i n  t h e  v i c i n i t y  of t h e  junc t ion  

which i s  devoid of free c a r r i e r s .  I n  order  t h a t  t h e  e l e c t r i c  f i e l d  be  

confined t o  t h e  junc t ion  a rea ,  a condi t ion  of charge n e u t r a l i t y  must 

e x i s t ;  t h a t  i s ,  t h e  t o t a l  number of i on ized  donor atoms on t h e  n s i d e  

of t h e  junc t ion  must equal  the t o t a l  number of i on ized  acceptor  atoms 

on t h e  p s i d e  of t h e  junc t ion .  By i n t e g r a t i n g  t h e  areas under t h e  e m i t -  

t e r  and base d i f f u s i o n  p r o f i l e s ,  it can be  determined t h a t  a s m a l l  de- 

p l e t i o n  reg ion  on t h e  emitter s i d e  of t h e  junc t ion  r equ i r e s  a much l a r g e r  

deple t ion  reg ion  on t h e  base s i d e  due t o  t h e  l a r g e  concent ra t ion  d i f f e rence  

between t h e  emi t t e r  and base s i d e s .  The d i f f e r e n c e  i n  dep le t ion  l a y e r  

l eng th  i s  g r e a t  enough s o  t h a t  t h e  e n t i r e  dep le t ion  reg ion  can be c l o s e l y  

approximated by cons ider ing  only t h a t  po r t ion  i n  t h e  high r e s i s t i v i t y  

( b a s e )  s i d e  of t h e  junc t ion .  

The e f f e c t  of  applying a forward o r  r eve r se  b i a s  t o  t h e  e m i t t e r  base  

junc t ion  i s  t h e  con t r ac t ion  o r  expansion of t h e  dep le t ion  reg ion  widths 

r e s p e c t i v e l y .  I n t e g r a t i o n  of Poisson’s  equation and t h e  a p p l i c a t i o n  of 

e l e c t r i c  f i e l d  boundary condi t ions ,  t oge the r  with t h e  approximation 

t h a t  p r a c t i c a l l y  a l l  t h e  deple t ion  reg ion  spreading t akes  p l ace  on t h e  

high r e s i s t i v i t y  s i d e  of t h e  j u n c t i o n ,  r e s u l t s  i n  t h e  fol lowing r e l a t i o n -  

s h i p  

X m 
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where: x = deFle t ion  l a y e r  wid th ,  m 

E = d i e l e c t r i c  cons tan t  of t h e  material, 

E = p e r m i t t i v i t y  of f r e e  space ,  

VT = t o t a l  p o t e n t i a l  across  t h e  j u n c t i o n  ( e x t e r n a l  b i a s ,  V ,  

0 

p lus  equi l ibrum contac t  p o t e n t i a l ,  Vi), 

9 = e l e c t r o n  charge , and 

NA = impuri ty  concent ra t ion  i n  t h e  base  (h igh  r e s i s t i v i t y  

s i d e  of t h e  j u n c t i o n ) .  

The s t e p  junc t ion  capaci tance can be obta ined  by t r e a t i n g  t h e  dep le t ion  

l a y e r  as a p a r a l l e l - p l a t e  capac i to r  wi th  t h e  charges sepa ra t ed  by a 

d i s t a n c e  x i n  a d i e l e c t r i c .  Therefore ,  t h e  dep le t ion  reg ion  capac i tance  

C i s  
m 

T 

2 € E  

X 

0 f a rads  /cm - CT - - 
m 

( 3 )  

S u b s t i t u t i n g  t h e  expression f o r  t h e  dep le t ion  region width and mul t ip ly ing  

by t h e  t o t a l  e m i t t e r  a r e a  r e s u l t s  i n  t h e  emit ter-base junc t ion  capac i tance  

expression shown as 

f a rads  ‘Te (4) 

= e m i t t e r  base  junc t ion  capaci tance and ‘Te 

A = emi t t e r  base  junc t ion  area. e 

where : 

The forward cu r ren t  c h a r a c t e r i s t i c  of an n-p junc t ion  can be  p red ic t ed  

from t h e  following equat ion 

If t h i s  expression i s  d i f f e r e n t i a t e d  with r e spec t  t o  V and i n v e r t e d ,  

t h e  fol lowing expression i s  obta ined ,  

4 



* 

where: r = emi t t e r  junc t ion  r e s i s t a n c e ,  

E = Boltzmann's constant  

e 

0 T = j unc t ion  temperature ( K ) ,  

q = e l e c t r o n  charge, and 

IF = i n j e c t e d  cu r ren t .  

The e m i t t e r  capaci tance shunts t h e  input  r e s i s t a n c e  of t h e  t r a n s i s t o r  

and e s t a b l i s h e s  t h e  emi t t e r  charging t ime,  T = r . This  charg- 

ing  t ime can be r e l a t e d  t o  t h e  device geometry as fol lows 
e e 'TC 

3. Base T r a n s i t  Time 

The base t r a n s i t  t i m e  is  the t ime r equ i r ed  f o r  t h e  minor i ty  c a r r i e r s  

i n j e c t e d  a t  t h e  emi t t e r  t o  t r a v e r s e  t h e  base of t h e  t r a n s i s t o r .  

t r a n s i t  t ime i s  a func t ion  of t h e  mob i l i t y  of t h e  c a r r i e r s  which i n  

t u r n  i s  inf luenced  by t h e  e f f e c t i v e  masses of t h e  c a r r i e r s ,  t h e  im-  

p u r i t y  type,and impuri ty  concentrat ion.  It can be shown t h a t  t h e  

impurity mob i l i t y  decreases wi th  inc reas ing  impuri ty  concent ra t ion .  

In  a d i f f u s e d  base device,  t h e  minor i ty  c a r r i e r s  pass  through material  

of con t inua l ly  decreasing impuri ty  concent ra t ion  while  t r a v e r s i n g  t h e  

base width,  and consequently these  c a r r i e r s  have a mobi l i ty  which 

increases  as t h e  c a r r i e r s  d r i f t  ac ross  t h e  base .  Because of t h i s ,  

an average d r i f t  v e l o c i t y  can be assumed which r e s u l t s  i n  an average 

d i f f u s i o n  cons tan t  f o r  t he  minor i ty  c a r r i e r s  i n  t h e  base reg ion .  

This  

(1) 

The va lues  f o r  t h e  d i f fus ion  cons t an t s  a r e  r e l a t e d  t o  t h e  mobiliyy 

by t h e  E i n s t e i n  r e l a t i o n s h i p  which s t a t e s  t h a t  

kT D = 1-1- 
9 

where: D = minor i ty  c a r r i e r  d i f f u s i o n  cons t an t ,  

l~ = minor i ty  c a r r i e r  mob i l i t y ,  

5 



k = Boltzmann’s c o n s t a n t ,  

T = temperature  K ,  and 

q = e l e c t r o n  charge ,  

0 

The base  t r a n s i t  t ime i s  c a l c u l a t e d  from t h e  express ion  

where : b T base  t r a n s i t  t i m e ,  

Wb = base  width,  and 

D = average e l e c t r o n  d i f f u s i o n  cons t an t  i n  t h e  base. 

4. C o l l e c t o r  DeDletion Region T r a n s i t  Time 

The co l l ec to r -base  j u n c t i o n  of  a t r a n s i s t o r  has an a s s o c i a t e d  deple-  

t i o n  reg ion  spread  similar t o  t h a t  d iscussed  f o r  t h e  e m i t t e r  b a s e  

junc t ion .  As can be seen from t h e  impur i ty  d i s t r i b u t i o n  p l o t  shown 

i n  F igure  1, t h e  p-n junc t ion  formed by t h e  base  d i f f u s i o n  i n t o  t h e  

e p i t a x i a l  c o l l e c t o r  reg ion  w i l l  r e s u l t  i n  an equ i l ib r ium c o n t a c t  1 

p o t e n t i a l  and subsequent d e p l e t i o n  r eg ion  l a r g e r  t h a n  t h a t  of t h e  

e m i t t e r  base j u n c t i o n  due t o  t h e  h ighe r  r e s i s t i v i t y  e p i t a x i a l  l a y e r .  

Furthermore, s i n c e  t h e  co l l ec to r -base  j u n c t i w  i s  ope ra t ed  w i t h  a l a r g e  

r eve r se -b ia s ,  the  d e p l e t i o n  r eg ion  spread  i s  f u r t h e r  enhanced t o  t h e  

po in t  t h a t  t h e  t ime r e q u i r e d  f o r  a c u r r e n t  c a r r i e r  t o  traverse t h i s  

reg ion  becomes s i g n i f i c a n t .  

A s  w i t h  t h e  emi t te r -base  j u n c t i o n , t h e  d e p l e t i o n  r eg ion  occurs  on b o t h  

s i d e s  of t h e  co l l ec to r -base  j u n c t i o n .  S ince  i n  a UHF t r a n s i s t o r  t h e  

base wid th  i s  extremely narrow, t h a t  p o r t i o n  of t h e  d e p l e t i o n  r e g i o n  

on t h e  b a s e  s i d e  of  t h e  j u n c t i o n s  r e s u l t s  i n  a r e d u c t i o n  i n  t h e  base  

width with i n c r e a s i n g  c o l l e c t o r  bias and, t h e r e f o r e ,  a r e d u c t i o n  i n  

base t r a n s i t  t i m e .  The n e t  e f f e c t  of i n c r e a s i n g  c o l l e c t o r  b i a s  i s  a 

simultaneous r educ t ion  i n  t h e  base  t r a n s i t  t ime and an i n c r e a s e  i n  t h e  

c o l l e c t o r  d e p l e t i o n  r eg ion  t r a n s i t  t i m e  such t h a t  t h e  sum of  these 

delay times becomes a minimum a t  some low c o l l e c t o r  p o t e n t i a l .  

1 
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5 .  

The c o l l e c t o r  dep le t ion  reg ion  t r a n s i t  t i m e  can be c a l c u l a t e d  from 

t h e  expression 

Tx = x / 2VL m 
T = c o l l e c t o r  dep le t ion  reg ion  t r a n s i t  t i m e ,  

x = t o t a l  dep le t ion  reg ion  width,  and 

'L = s c a t t e r i n g  l i m i t i n g  v e l o c i t y .  

X 
where : 

m 

The l a t t i c e  s c a t t e r i n g  l i m i t i n g  v e l o c i t y  V 

f i e l d  s t r eng ths  of approximately 1 . 5  x 10 vol t s /c rn(2) .  Since t h i s  

f i e l d  s t r eng th  i s  reached a t  very low va lues  of c o l l e c t o r  b i a s ,  t h e  

above equation i s  app l i cab le  down t o  c o l l e c t o r  p o t e n t i a l s  of  approx- 

imately two v o l t s .  

obtained during output  voltageswings i n  t h e  c o l l e c t o r  p o t e n t i a l ,  t h e  

i s  reached a t  e l e c t r i c  
4L 

A t  vo l tage  l e v e l s  below t h i s  va lue ,  which a r e  

f i e l d  s t r eng th  must be c a l c u l a t e d  and t h e  d r i f t  v e l o c i t y ,  VD, as 

determined from Ryder's d a t a  must be s u b s t i t u t e d  i n  t h e  above equat ion  

i n  place of t h e  l a t t i c e  s c a t t e r i n g  l i m i t i n g  v e l o c i t y .  

Col lec tor  Junc t ion  Capacitance Charging Time 

which appears ac ross  t h e  The c o l l e c t o r  j unc t ion  capac i tance ,  c C  , 
output  of t h e  t r a n s i s t o r  must be charged up through any s e r i e s  resis- 

t a n c e  i n  t h e  c o l l e c t o r  of t h e  t r a n s i s t o r .  

'This c o l l e c t o r  series r e s i s t a n c e  junc t ion  capac i tance  charging t i m e  

can be ca l cu la t ed  from t h e  express ion  

T = R c  C c  
C 

where : T~ = c o l l e c t o r  s e r i e s  r e s i s t a n c e ,  c o l l e c t o r  capac i tance  

charging t i m e ,  

R = c o l l e c t o r  s e r i e s  r e s i s t a n c e ,  and 

C c  = c o l l e c t o r  base  junc t ion  capac i tance .  

C 

A s  i n  the case of t h e  emit ter-base junc t ion ,  t h e  co l lec tor -base  



capaci tance can be ca lcu la ted  as 

A 6 E  c o  c =  C 
X m 

where: C = c o l l e c t o r  base junc t ion  capac i tance ,  

A = c o l l e c t o r  base junc t ion  a r e a ,  

C 

C 

E = d i e l e c t r i c  constant of semiconductor m a t e r i a l ,  

E = p e r m i t t i v i t y  of f r e e  space,  and 

x = t o t a l  c o l l e c t o r  dep le t ion  reg ion  l eng th .  

0 

m 

The c o l l e c t o r  s e r i e s  r e s i s t ance  can be c a l c u l a t e d  us ing  t h e  equat ion 

where: R c  = c o l l e c t o r  s e r i e s  r e s i s t a n c e ,  

p = r e s i s t i v i t y  o f  t h e  e p i t a x i a l  l a y e r ,  

W = emi t t e r  f i nge r  width,  

1 = emitter per iphery,  and 

d = e p i t a x i a l  l aye r  t h i ckness .  

The above equat ion i s  f o r  the r e s i s t a n c e  of a r ec t angu la r  c ros s  

s e c t i o n  semiconductor geometry and i s  a worst  case  condi t ion ,  s i n c e  

t h e  e f f e c t  of cu r ren t  divergence, while t r a v e r s i n g  t h e  e p i t a x i a l  

l a y e r ,  and t h e  subsequent increase  i n  e f f e c t i v e  cu r ren t  car ry ing  c ross  

s e c t i o n a l  a r e a  i s  neglected.  A second cons idera t ion  which i s  neglected 

using t h e  above equat ion i s  t h e  reduct ion  i n  e p i t a x i a l  l a y e r  l eng th  

through which cu r ren t  must f low, due t o  t h e  dep le t ion  spread wi th  

c o l l e c t o r  b i a s .  Because of t h i s  t h ?  ca l cu la t ed  va lue  of c o l l e c t o r  

s e r i e s  r e s i s t a n c e  i s  extremely pess imis t i c  and t h e  a c t u a l  va lue  w i l l  

be  considerably l e s s .  

6.  High Frequency Relat ionships  

The manner i n  which various device parameters vary  wi th  frequency i s  

9 



r e l a t e d  t o  t h e  emi t t e r - to -co l l ec to r  de lay  t imes as shown below 

1 
21T T 

- 
ec  fT - 

= cur ren t  g a i n  bandwidth, t h e  frequency a t  which 
fT 

where : 

cur ren t  ga in  i s  equal  t o  1, and 

T = t o t a l  emi t t e r - to -co l l ec to r  de lay  t ime 
ec  

Although t h e  cu r ren t  ga in  i s  equal  t o  u n i t y  a t  f t '  t h e r e  i s  s t i l l  

power gain a v a i l a b l e  because of t h e  impedance r a t i o s  of t h e  device.  

Thus , 

0 
R 

0 
I 

PG = 10 l og  = 20 log - + 10 log- 

i n  R i n  I r i n  

The frequency l i m i t a t i o n  of a device i s  a c t u a l l y  t h e  maximum frequency 

of o s c i l l a t i o n ,  fmax, which i s  def ined  as t h e  frequency a t  which t h e  

power gain i s  1. 

The maximum frequency of o s c i l l a t i o n  and t h e r e f o r e  t h e  power ga in  

i s  inverse ly  p ropor t iona l  t o  an a d d i t i o n a l  t ime cons t an t ,  r 
which i s  a s soc ia t ed  w i t h  t h e  r e s i s t a n c e  of t h e  base reg ion .  This  t ime 

constant  r e s u l t s  from t h e  flow of  t h e  base cu r ren t  through t h e  f i n i t e  

r e s i s t a n c e  a s soc ia t ed  wi th  t h e  base  reg ion ,  from t h e  emi t t e r  edge t o  

t h e  ohmic base  con tac t .  

expressed as 

bb' 'cy 

I f  t h e  r e l a t i o n s h i p  between f and fmax i s  
T 

where: fmax = maximum frequency of o s c i l l a t i o n ,  and 

f T  
c C  

= ga in  bandwidth 

= collector capacitance 

Taking into account the degenerative effect of emitter lead inductance, 

power gain is given by the following equations 

10 



1 
2nf c R =  

T c  0 

where: f = 
- 

Ro - 
cC 

% =  

- - 

cc = 
V 

P =  

bb ' 
Le - 

0 
- - r 
- 

frequency of opera t ion ,  

output  impedance of t r a n s i s t o r ,  

t o t a l  c o l l e c t o r  t o  base  capaci tance,  

load r e s i s t a n c e  , 

supply vol tage,  

power o u t ,  

base spreading r e s i s t a n c e  , and 

emitter lead inductance.  

From p a s t  experience on devices of t h i s  s o r t  w e  know t h a t  r w i l l  

be  a f r a c t i o n  of an ohm and w i l l  be  a f r a c t i o n  of 2nfTL . 
determine f i r s t  o rder  e f f e c t s  w e ,  t h e r e f o r e ,  can s impl i fy  equat ion 

(17)  t o  

bb ' 
To e 

2 

PG = 2 (4 [+A - 
0 

R 

The load r e s i s t a n c e  (%) and t h e  frequency of opera t ion  are speci-  

f i e d ,  l eav ing  f L and R as t h e  important device parameters.  

must be s p e c i f i e d  a t  t h e  operat ing c u r r e n t  of t h e  device.  

must be  designed t o  provide f o r  a s u f f i c i e n t  c u r r e n t  handl ing c a p a b i l i t y  

s o  t h a t  fT w i l l  be high a t  t h e  opera t ing  c u r r e n t .  

j e c t i o n  e f f e c t s ,  t h i s  t r a n s l a t e s  i n t o  s u f f i c i e n t  emitter per iphery 

t o  maintain a high fT .  

impedance and t h e  c o l l e c t o r  e f f i c i e n c y .  

w i l l  be  h igher  and t h e  c o l l e c t o r  c u r r e n t  w i l l  be  lower as t h e  c o l l e c t o r  

capaci tance decreases .  

l e c t o r  capaci tance i s  lowered. T o  o b t a i n  long emitter per iphery (high cur- 

r e n t  handling capaci ty)  and minimum base area (high e f f i c i e n c y )  , t h e  sur-  

f a c e  geometry of t h e  device must be designed t o  p l a c e  t h e  g r e a t e s t  amount 

of emitter periDhery within t h e  smallest p o s s i b l e  base area. 

fT T e  0 

The device 

Because of edge in- 

The c o l l e c t o r  capaci tance determines t h e  output  

The c o l l e c t o r  e f f i c i e n c y  

Less emitter per iphery w i l l  be  needed as t h e  ~ 0 1 -  

The emitter l ead  inductance (L ) is  determined both by t h e  case e 

11 



7. 

design and t h e  p e l l e t  geometry. The p e l l e t  geometry w i l l  determine 

t h e  number of emi t t e r  bond wi re s , the  conf igu ra t ion ,  spacing and, 

hence, mutual inductance e f f e c t s .  This  immediately sugges ts  t h a t  

t h e  p e l l e t  should be made as long as p o s s i b l e .  

wi th  many bond wires  o r  r ibbons could a l s o  be used t o  minimize mutual 

inductance e f f e c t s .  

Mul t ip le  base  areas 

Degradation o f  fT n . t  Yigh Current Levels 

The equations presented  i n  t h e  previous s e c t i o n  on c o l l e c t o r  dep le t ion  

reg ion  t r a n s i t  t i m e  and base width t r a n s i t  t i m e  assume t h a t  only 

t h e  charge due t o  ion ized  donors and acceptors  e x i s t s  i n  t h e  c o l l e c t o r  

deple t ion  reg ion .  A t  h igh i n j e c t e d  c a r r i e r  l e v e l s ,  however, t h e  den- 

s i t y  of c a r r i e r s  p re sen t  i n  t h i s  reg ion  may r e s u l t  i n  a s i g n i f i c a n t  

con t r ibu t ion  t o  t h e  o v e r a l l  space charge.  Under t h e s e  condi t ions ,  

t h e  deple t ion  reg ion  can no longer  be t r e a t e d  as i f  it were devoid 

of c a r r i e r s .  

It  can be shown t h a t  t h e  observed high cu r ren t  f a l l o f f  i n  t h e  fT 

of a t r a n s i s t o r  i s  a d i r e c t  r e s u l t  of a spreading of  t h e  n e u t r a l  base  

l a y e r  i n t o  t h e  c o l l e c t o r  reg ion  of t h e  device ( 3 ) .  

when the  mobile c a r r i e r  space charge dens i ty  i n  t h e  c o l l e c t o r  t r a n s i -  

t i o n  region becomes approximately equal  t o  t h e  f i x e d  impuri ty  charge 

dens i ty  on t h e  high r e s i s t i v i t y  s i d e  of  t h e  c o l l e c t o r  j unc t ion .  

can be expressed mathematically as 

This  e f f e c t  begins  

This  

where: I = cur ren t  a t  which base  widening o r  base  spreading max 
begins  t o  occur ,  

9 = e l e c t r o n  charge ,  

= e f f e c t i v e  e m i t t e r  a r e a ,  

= impuri ty  concent ra t ion  i n  t h e  c o l l e c t o r  r eg ion ,  and 

= s c a t t e r i n g  l i m i t e d  v e l o c i t y .  

Ae 

ND 

vL 
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For c o l l e c t o r  cu r ren t s  i n  excess of  t h i s  va lue ,  t h e  n e u t r a l  base 

l a y e r  widens by spreading i n t o  t h e  c o l l e c t o r  reg ion  r e s u l t i n g  i n  a 

decrease i n  f . 
T 

8. High Freauency OutDut Power 

The high frequency output  power of a t r a n s i s t o r  i s  a func t ion  of 

t h e  c o l l e c t o r  cu r ren t  flowing i n  t h e  device.  For t h e  proposed 

t r a n s i s t o r  t o  d e l i v e r  20 wat ts  of  ou tput  power at 430 megacycles a t  

50 percent  c o l l e c t o r  e f f i c i ency ,  an average c o l l e c t o r  cu r ren t  of 1430 

mil l iamperes  at 28 v o l t s  i s  r equ i r ed .  This  cu r ren t  handl ing c a p a b i l i t y  

imposes an emitter per iphery requirement on t h e  device t o  prevent  

base  widening e f f e c t s  due t o  cu r ren t  crowding. 

I n  t r a n s i s t o r  opera t ion ,  at low cu r ren t  l e v e l s ,  t h e  device i n j e c t s  

over t h e  e n t i r e  emi t t e r  area.  A s  t h e  i n j e c t e d  cu r ren t  l e v e l  i s  in-  

c reased ,  lateral  vol tage  drops under t h e  emitter due t o  base cu r ren t  

flow b i a s e s  t h e  emitter-base junc t ion  such t h a t  t h e  emi t t e r  edges are 

most forward b iased .  This  r e s u l t s  i n  t h e s e  edges accounting f a r  t h e  

ma jo r i ty  of i n j e c t e d  current  at h igh  cu r ren t  levels.  The disadvantage 

a s soc ia t ed  with t h i s  e f f e c t  i s  t h a t  t h e  cu r ren t  i s  i n j e c t e d  from only 

a small po r t ion  of t h e  t o t a l  e m i t t e r  area and r e s u l t s  i n  base  widening 

due t o  cu r ren t  crowding at lower levels than  p red ic t ed  u t i l i z i n g  

s m a l l  s i g n a l  theory.  Base widening inc reases  t h e  base  t r a n s i t  t i m e  of 

t h e  device  and decreases  f 
T' 

To  minin;ize t h e  e f f e c t ,  a l a r g e  emit ter  per iphery  i s  requi red ;  how- 

ever, an inc rease  i n  per iphery r e q u i r e s  an inc rease  i n  emitter area 

and results i n  a decrease i n  f due t o  t h e  l a r g e r  emitter t r a n s i t  t i m e  

a s soc ia t ed  wi th  an emitter area i n c r e a s e ,  as w e l l  as a decrease in col- 

l e c t o r  e f f i c i e n c y  due t o  the l a r g e r  base  area. 

T 

This  e f f e c t  is observable  i n  a l l  t r a n s i s t o r  designs and p a r t i c u l a r l y  i n  

VHF and UHF devices .  The s a t u r a t e d  output  power is a func t ion  of t he  

ope ra t ing  frequency of the device.  A somparison of t h e  s a t u r a t e d  out- 

pu t  power of var ious  RCA 2N3375 d-evices a t  100 and 400 megacycles 

r evea l s  t h a t  about 11 w a t t s  are obtained a t  100 megacycles and below, 

13 



but  only 6 watts a r e  p o s s i b l e  a t  400 megacycles. 

This  s a t u r a t e d  output  power f a l l o f f  wi th  frequency i s  a l s o  in f lu -  

enced by base  impedance changes with frequency and output  impedance 

changes wi th  frequency. 

The base impedance change with frequency can be seen by t r e a t i n g  t h e  

emit ter-base junc t ion  as a s e r i e s  of d i s t r i b u t e d  r e s i s t a n c e s  shunted 

by t h e  junc t ion  capaci tance between t h e  emitter and base .  

operat ing frequency i s  increased ,  t h e  shunt ing e f f e c t  of t h e  capac i tance  

dominates and t h e  sec t ions  of t h e  e m i t t e r  c l o s e s t  t o  t h e  base  t e rmina l  

A s  t h e  

i n j e c t s  most of t h e  ac cu r ren t .  This  r e s u l t s  i n  a c  cu r ren t  crowding 

of t h e  device.  This e f f e c t  r e s u l t s  i n  a modi f ica t ion  of t h e  input  

impedance of t h e  device wi th  inc reas ing  frequency and base  widening 

e f f e c t s  due t o  t h e  a c  component of c o l l e c t o r  c u r r e n t .  

The s a t u r a t e d  output power of a t r a n s i s t o r  i s  a l s o  inf luenced  by t h e  

e f f e c t s  of t h e  device output  capaci tance on output  impedance. A s  

t h e  opera t ing  frequency i s  increased ,  t h e  output  r e s i s t a n c e  due t o  

t h i s  capaci tance decreases  and shunts  t h e  load  r e s i s t a n c e .  This  re-  

s u l t s  i n  a decrease of c o l l e c t o r  e f f i c i e n c y  of t h e  device.  Since t h e  

emitter per iphery and c o l l e c t o r  doping concent ra t ion  l i m i t  t h e  c u r r e n t s  

which can be drawn i n  t h e  device,  f u r t h e r  i nc reases  i n  i npu t  d r i v e  

power r e s u l t  i n  very s m a l l  i nc reases  i n  output  power l e v e l .  

The t r a n s i s t o r  power output  can be improved by t h e  use  of emitter 

geometries which have high emi t t e r  per iphery  t o  emitter areaand base a rea  

r a t i o s  and by using Cmproved techniques i n  the  growth of c o l l e c t o r  s u b s t r a t e  

material. Both of t h e s e  techniques w i l l  r e s u l t  i n  minimizing cu r ren t  

crowding e f f e c t s .  Furthermore, improved e m i t t e r  designs r e q u i r e  less 

col lector-base junc t ion  a r e a  and r e s u l t  i n  a lower va lue  of output  

capaci tance.  The device geometry and cross  s e c t i o n a l  s t r u c t u r e  i s  

discussed i n  Sec t ion  11-B-2. 



9 .  Thermal Resis tance 

B. 

Thermal r e s i s t a n c e  i s  a func t ion  of t h e  aspec t  r a t i o  of t h e  base.  

Figure 2 shows an emperical  p l o t  of thermal r e s i s t a n c e  as a func t ion  

of base  per iphery .  

l i u m  oxide i n s u l a t o r  brazed t o  a copper s t u d .  

per iphery ,  t h e  base  area o r  base a reas  should be  made as long and 

t h i n  as poss ib l e .  A s  d iscussed p rev ious ly ,  t h e  long base  a reas  w i l l  

a l s o  he lp  minimize emi t t e r  lead  inductance.  

The p l o t  i s  v a l i d  only f o r  packages wi th  a bery l -  

To g e t  maximum base  

Device Design Calcula t ions  

1. Emit te r  Per iphery 

The program requ i r ed  t h a t  the device d e l i v e r  20 w a t t s  wi th  50 percent  

c o l l e c t o r  e f f i c i e n c y  and a supply vol tage  of 28 v o l t s .  

c o l l e c t o r  cu r ren t  w a s  t o  b e  1430 mil l iamperes  o r  l e s s .  

per ience  has  shown t h a t  approximately one m i l  of emi t t e r  per iphery i s  

r equ i r ed  p e r  m i l l i m p e r e  of average c o l l e c t o r  c u r r e n t .  

The average 

Pas t  ex- 

Twenty percent  e x t r a  per iphery w a s  added t o  a l low f o r  loss i n  power- 

o u t ,  caused by p a r a l l e l i n g  a l a r g e  number of  e m i t t e r s ,  r e s u l t i n g  i n  a 

t o t a l  emi t t e r  per iphery  of 1700 m i l s .  

2 .  Device S t r u c t u r e  

The su r face  geometry must be designed t o  o b t a i n  t h e  maximum emitter 

per iphery t o  e m i t t e r  a r e a ,  and e m i t t e r  per iphery  t o  base  area. The 

EP/BA r a t i o  i s  important i n  t h a t  it w i l l  determine t h e  c o l l e c t o r  

e f f i c i ency .  The overlay s t r u c t u r e  used on t h e  2N3375 had t h e  h ighes t  

EP/W and EP/BA r a t i o s  obtainable  a t  t h a t  t ime.  However, f u r t h e r  re-  

finements i n  t h e  overlay s t r u c t u r e  were needed t o  meet t h e  requi re -  

ments of t h e  program. Both r a t i o s  can be irnrroved by going from a 

square emi t t e r  e l ec t rode  s t r u c t u r e ,  used on t h e  2N3375, t o  a l i n e  e m i t -  

t e r  s t r u c t u r e .  Figure 3 shows a comparison of t h e  two c e l l  s t r u c t u r e s .  

The dimensions ind ica t ed  on t h e  l i n e  s t r u c t u r e  are what w a s  considered 

t o  be  minimum prac t ica l  emi t te r  widths and e m i t t e r  t o  P spacings a t  t h e  
+ 
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s t a r t  of t h e  con t r ac t .  

The cell s t r u c t u r e  shown i n  Figure 3 w a s  p a r a l l e l e d  as shown i n  

F igure  4 .  
t e r  l e a d  inductance and thermal r e s i s t a n c e .  A 12  by 1 7  a r r a y  of 

e m i t t e r s  was used i n  each base a rea .  The complete device i s  shown 

i n  F igure  5.  A comparison of t h e  new s t r u c t u r e  which i s  c a l l e d  

t h e  TA2675, and t h e  2N3375 i s  shown i n  Table I .  

Two s e p e r a t e  base  areas  were used t o  g ive  minimum e m i t -  

3. Emi t te r  Charging Time - T e 

The e m i t t e r  charging t i m e  equation can be  expressed as 

kT 
= -  C 

e 9Ie Te 

and can be  determined as follows 

s e c .  - - ( .026) (2.66 x = 10-12 
2.3  

= 2.31 amperes ( f  assumed 700 megacycles), t e 

-= 0.026 v o l t ,  and 

where: I 

kT 
9 

(22 )  

t h e  emi t t e r  base  junc t ion  t r a n s i t i o n  capac i tance  i n  p icofarads  

( C T e )  from Eq. ( 4 ) .  
1 / 2  

CT e = A e r E o N a ]  

2 ( v+vi ) 

1 
-4 2 where: A = 7 . 9 0 ~ 1 0  cm , 

1 7  N = 8x10 , 
(v+v. ) = 0 .6  v o l t s ,  

E = 12 ,  and 

E 0 = 8 . 8 5 ~ 1 o - ~ ~ f / c m .  

e 

A 

1 

2 ( 0 . 6 )  J 
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a. 2N3375 

Normal Base 

- 
Note: Center to Center Sprine of Cnliirnns -5 1.4 .-A is  3.2 Mi ls  

A l l  Dimensions i n  Mi ls  

FIGURE 3 TA2675 AND 2N3375 C E L L  STRUCTURES 
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TABLE I 

Comparison O f  The TA2675 And The 2N3375 

C h a r a c t e r i s t i c s  

No. of E m i t t e r  S i t e s  

E m i t t e r  Per iphery ( m i l s )  

E m i t t e r  Area ( m i l s  

Base Area ( m i l s  ) 

2 

2 

20W( TA2675) 

40 8 

1754 
122 

1160 
2 

14.3 h i t t e r  Pe r iphe r i e s  ( m i l s / m i l s  ) 
Emit te r  Area 

2 
1.51 Emitter Pe r iphe r i e s  ( m i l s / m i l s  ) 

Base Area 

2 Base Meta l l i z ing  over 
Co l l ec to r  Oxide ( m i l s  ) 

Emitter Meta l l i z ing  o3er 
Co l l ec to r  Oxide ( m i l s  ) 
P e l l e t  S i z e  ( m i l s )  

Base Per iphery  ( m i l s )  

325 

318 

70 x 60 

345 

2N3375 

156 
312 

39 
380 

8 

0.82 

0 

0 

30 x 30 

76 
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b 4. Base T r a n s i t  Time, T 

"Ihs base t r a n s i t  t ime can be  determined from 

22 

!d = 0.017 m i l  = ] + . 3 ~ 1 0 - ~ c m ,  and 
2 b 

D = bcm / sec  

where: 

The d i f f u s i o n  constant  l i s t e d  i n  t h e  l i t e r a t u r e  f o r  t h e  base  doping 
2 being used is  12cm / see .  Measurements of f and base  width on t ran-  

s i s t o r s  with t h e  proposed d i f f u s i o n  have i n d i c a t e d  an e f f e c t i v e  D o f  

o cm'/sec. The e f f e c t i v e  d i f f u s i o n  constant  i n  t h e  base  i s  lower 

T 

n 

than  previously thought ,  by a f a c t o r  of two. This  i s  probably caused 

by s t r a i n s  i n  t h e  l a t t i c e ,  due t o  t h e  high s u r f a c e  concent ra t ion  

emi t te r  and base  d i f f u s i o n s .  

5 .  Col lec tor  Depletion Layer T r a n s i t  T i m e ,  T 
X 

The c o l l e c t o r  deple t ion  reg ion  t r a n s i t  t i m e  can be  determined from: 

-10 3. i;xio-' 
= 0.23~10 s e c  - - TX -7- 

LV L 2x8xi0' 

0 where: V- = &lo cm/sec, and 
L 

t h e  deple t ion  l a y e r  spread  ( x  ) can be  determined from: m 

X m 

where: V = 28.6v, 

E 0 = 8 . 8 5 ~ 1 0 - ~ ~ f / c m ,  



E = 1 2 ,  and 

ITD = 3x1015/cm 3 

6. Col lec tor  Junc t ion  Capacitance Charging Time, T _  

The c o l l e c t o r  j unc t ion  capaci tance charging t ime (T ) i s  given by c 

where: Cbc = 22 p icofarads ,  

R = 1.68 ohms, 

'bc 

c 

= -  ksoAc = 22 p icofarads ,  
X m 

-3 2 Ac = 7.5~10 cm , 

p = 2 R-cm, 

d = 1.52x10-4cm, 

W = 4x10- 4 cm, and 

1 = 4.45cm 

To determine C t h e  capacitance of both t h e  emi t t e r  base  metal-  

i z i n g  over co l lec t .o r  oxide must be added t o  C The t o t a l  metal- 

i z i n g  over c o l l e c t o r  oxide i s  643 m i l  . The oxide th i ckness  i s  

12,0008 and has a 0.0183 p icofarad /mi l  capac i tance ,  which adds a 

t o t a l  of 12 p icofarads  t o  C b c .  

34 p i co fa rads .  

ob 

bc ' 2 

2 

Therefore ,  t h e  Cob of t h e  device w i l l  be  

7.  R n i t t e r  t o  Col lec tor  Transi t  Time, T~~ 

The e m i t t e r  t o  c o l l e c t o r  t r a n s i t  t ime ( T  ) i s  given by ec 
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= 2 . 1 7 ~ 1 0 - ~ ~ s e c = ( 0 . 0 3  + 1 . 5 4  + 0.23  + 0.37)  x 10-l' sec  

bb 8. Base Spreading Res is tance ,  r 

The base  spreading r e s i s t a n c e  i s  determined by t h e  s h e e t  r e s i s t a n c e  

between the  emi t t e r  and base  contac ts  and by t h e  r e s i s t a n c e  under t h e  

i n j e c t i n g  emi t t e r  edge. 

The por t ion  under t h e  emi t t e r  can be  c a l c u l a t e d  on t h e  b a s i s  of t h e  

430-megacycle cu r ren t  gain requirement of t h e  device.  A t  430 mega- 

cyc les  ( fT=700 megacycles ) , IB = 890 mil l iamperes .  S ince  more than  

60 percent  of t h e  i n j e c t e d  cu r ren t  occurs  wi th in  t h e  l eng th  r equ i r ed  

t o  produce a 26-mi l l ivo l t  drop under t h e  e m i t t e r ,  t h a t  p o r t i o n  of r 

cont r ibu ted  by t h i s  reg ion  i s  
bb 

( 2 3 )  
- 2 6 m ~  
- - = 0.03 ohm r r  

bbl 880 mA 

con t r ibu ted  between t h e  normal base  and t h e  P+ bb2 That po r t ion  of r 

con tac t  is determined by t h e  shee t  r e s i s t a n c e  of t h a t  reg ion .  

PC Q. (100) ( 0 . 2 )  
a 

- - =  - = .01 ohms 
d 1754 r bb2 

= shee t  r e s i s t a n c e  i n  t h e  base  between t h e  emitter and 
P S  

where : 

P+ = 100 ohm/square e = spacing between t h e  emi t t e r  and P+ g r i d  = 0.2  m i l ,  and 

d = emi t t e r  per iphery  = 1754 m i l s .  

The t o t a l  base  spreading r e s i s t a n c e  ( rbbl  ) i s  t h e  sum of r 

r , o r  0 .04  ohm, p l u s  some con tac t  r e s i s t a n c e .  

and 
b b l  

bb2 

9.  High Frequency Rela t ionship  

The cur ren t  gain bandwidth of t h e  device i s  determined by t h e  expres- 

s i o n  
1 

f = -  - - = 730 megacycles 
1 

2T-r 6.28( 2 . 1 7 ~ 1 0 - ~ ~ )  T 
ec  
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The maximum frequency of o s c i l l a t i o n ,  

inductance,  can be ca l cu la t ed  from t h e  r e l a t i o n :  

neg lec t ing  e m i t t e r  lead max 9 

- I 7 .3  x 108 

= 4.65  gigacycles 
max 

This i l l u s t r a t e s  how op t imis t i c  t h e  c a l c u l a t i o n  can be by neglec t ing  

emi t t e r  l e a d  inductance.  

equat ion 17 and i s  about 800 megacycles. 

The fmax i s  more accu ra t e ly  ca l cu la t ed  from 

= 3.1 

where: f = 
T 

f =  

R =  L 

- 
Ro - 

v =  

P =  
cc 

0 

- - 
bb ' 
L =  e 

r 

730 megacycles, 

430 megacycles, 

= 1 9  ohms vcc2 - 
2p0 

1 
= 6.45 ohms 

2TfT cc 

28 v o l t s ,  

20 w a t t s ,  

0 .04  ohms, and 

0.50 nanohenry (ob ta ined  on t h e  grounded emi t t e r  TO-60). 
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The p red ic t ed  ga in  i s  only 3 .1  times as compared t o  t h e  c o n t r a c t  

goa l  of 4 t i m e s .  

d i c t e d  during t h e  e a r l y  s t ages  of development, otherwise t h i s  design 

would have been changed during t h e  design phase.  I n  a d d i t i o n  e m i t t e r  

l e a d  inductance could not  be  c a l c u l a t e d  o r  measured accu ra t e ly  during 

t h e  ea r ly  s t ages  of t h e  program. 

However, power ga in  could no t  be  accu ra t e ly  pre- 

1 0 .  Device Current Handling Capabi l i ty  

The maximum cur ren t  t h a t  t h i s  t r a n s i s t o r  can c a r r y  be fo re  base  widen- 

ing  begins i s  given by 

I = q A  N e D 'L 

It has  been shown i n  Sec t ion  8 t h a t  63 percent  of t h e  t o t a l  e m i t t e r  

cu r ren t  i s  i n j e c t e d  wi th in  t h a t  l ength  under t h e  emi t t e r  which re -  

s u l t s  i n  a 26 m i l l i v o l t  drop. This length  can be  computed from t h e  

r e l a t i o n s h i p  

26 mv 
r = p  - - -  - 

IB s L  

= shee t  r e s i s t i v i t y  under t h e  e m i t t e r  = 5000 R/sq. ,  

= cur ren t  pa th  l eng th  - i n j e c t i n g  reg ion  of e m i t t e r ,  

= t o t a l  e m i t t e r  per iphery  = 4.45  cm, 

= t o t a l  base  cu r ren t  at  430 mc = 880 mill iamperes ,  

p S  
where: 

L 

I b 

I ' = -  26 mv = 0 . 0 3  ohm, and 
880mA 

$ = -  r L  0.03 ( 4 . 4 5 )  = 2.7  10-5 cm 

5000 0s 

I t  can be shown t h a t  as t h e  c o l l e c t o r  cu r ren t  t r a v e r s e s  t h e  base  width 

i n  t h e  presence of a f i e l d ,  a l a t e ra l  d i f f u s i o n  of t h e s e  minor i ty  c a r r i e r s  

occurs .  Experimental data of var ious  high frequency devices  i n d i c a t e s  

t h a t  t h e  spreading angle  i s  approximately 30 degrees .  Since t h i s  de- 

v i c e  has a base  width of 0.017 m i l  and i n j e c t s  from a reg ion  under 

t h e  emi t t e r  of 2.7 x 10- em, t h e  width of t h e  c o l l e c t o r  a rea  i n t e r -  5 
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cepted  by t h e s e  minor i ty  c a r r i e r s  i s  5.20 x loe5  cm. 

r e s u l t s  i n  a maximum curren t  dens i ty  o f :  

This a r e a  

= 1,200 mil l iamperes  

= 4 x 1 0 1 5 / c d  ND where : 

The above c a l c u l a t i o n s  are p e s s i m i s t i c  for two reasons .  F i r s t ,  t h e  

i n j e c t i n g  e m i t t e r  l eng th  was computed on t h e  b a s i s  of a 26 m i l l i v o l t  drop 

(25OC) r a t h e r  t han  a 37 m i l l i v a l t  drop (15OoC j m c t i o n  tempera ture) .  

l a r g e r  vo l t age  drop i n d i c a t e s  t h e  e m i t t e r  w i l l  a c t u a l l y  be  i n j e c t i n g  

over  approximately a 50 percent  larger reg ion .  Secondly, on ly  63 
percen t  of t h e  t o t a l  c o l l e c t o r  c u r r e n t  i s  i n j e c t e d  over t h e  above 

c a l c u l a t i o n s .  Taking i n t o  account t h e  second e f f e c t  only i n d i c a t e s  

t h a t  t h e  e m i t t e r  per iphery  of  t h i s  device  i s  l a r g e  enough t o  handle  

t h e  r equ i r ed  cu r ren t  of 1,430 mil l iamperes .  

This 

11. Thermal Res is tance  

The base  per iphery  of  :he proposed device i s  3 k 5  ~ 2 . s .  

t h e  thermal  r e s i s t a n c e  i s  p red ic t ed  t o  be 1.8'C/W. 
From Figure  2 

C. Unit  Ce l l  Experimental Vehicle  

A much smaller u n i t  w a s  designed t o  develop t h e  n e c e s s a q  technology and 

determine t h e  power ga in  and output power of t h e  new over iay  s t r u c t u r e .  

The same c e l l  s t r u c t u r e  w a s  used f o r  t h e  full u n i t  sh~ws ic Figure  5. 
Figure  6 shows a p i c t u r e  of the  completed u n i t .  

each were used. 

m i l s 2 .  

Two rows of e i g h t  e m i t t e r s  

The e m i t t e r  per iphery i s  68 mils with  a base  a r e a  of 48 
The device  i s  p resen t ly  known as t h e  TA2658 o r  t h e  2x3866. 

D. Device and Package Evaluat ion 

1. Unit  C e l l  

Figure 7 shows a p l o t  of power output  versus  power inpu t  and frequency 

wi th  a 28-voit supply f o r  t h e  un i t  c e l l .  For  1 w a t t  of output  power, 
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FIGURE 6 MICROPHOTOGRAPH OF TA2658 
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FIGURE 7 POWER OUTPUT AS A FUNCTION OF POWER INPUT AND FREQUENCY 
FOR T H E  TA2658 



t h e  device i s  capable of 11 dB power ga in  and 50 pe rcen t  e f f i c i e n c y .  

The lumped cons tan t  c i r c u i t  used f o r  t h e  measurements i s  shown i n  

F igure  8. 

With t h e  proposed emitter per iphery  of 1754 m i l s ,  t h e  ~ ~ 2 6 5 8  has  been 

s c a l e d  up a f a c t o r  of 26 times. 

pec ted  a t  430 megacycles, wi th  reasonable  gain provid ing  t h e  emitter 

lead  inductance can be kept  low. 

A power out  of 26 w a t t s  can be ex- 

2 .  F u l l  Unit 

a. S t r i p l i n e  Package 

The f u l l  u n i t  w a s  f i r s t  mounted i n  t h e  s t r i p l i n e  package shown i n  

Figures  gand 1 0 .  

i n v e s t i g a t i o n  of i nduc t ive  vol tage  drops down t h e  base  m e t a l i z -  

i n g  showed t h e  cause of t h e  problem. The base  w a s  bonded a t  one 

end o f  each bondins s t r i p e .  The inductance down t h e  base  bonding 

s t r i p e  i s  1 nanohenry and t h e  average base  c u r r e n t  i s  404 m i l l i -  

amperes f o r  each base  bonding s t r i p e .  The induc t ive  vo l t age  drop 

i s  2.7 v o l t s .  Even a 0 . 1  v o l t  drop i n  V would be enough t o  de- 

c rease  t h e  emi t t e r  i n j e c t i o n  on t h e  s i d e  of t h e  u n i t  f u r t h e s t  from 

t h e  bond by 90 percent .  

s o  t h a t  equal  e m i t t e r  and bond l e a d  lengths  can be  maintained.  This 

w a s  accomplished by s c r i b i n g  t h e  p e l l e t  i n  two so  t h a t  each base  

a r e a  i s  on a sepe ra t e  p e l l e t .  

s i d e  i n  a grounded emitter TO-60, as shown i n  F igure  11. 

shows a complete TO-60. 

Gain could not  be  obta ined  a t  430 megacycles. An 

be 

The p e l l e t  and package must be  designed 

The p e l l e t s  were then  mounted s i d e  by 

Figure  12  

b .  Grounded Emit ter  TO-60 

Good r e s u l t s  s t i l l  could not  b e  obta ined  f o r  t h e  f u l l  u n i t  i n  t h e  

grounded emitter TO-60. 

f o r e  power out  measurements could b e  obta ined .  The problem appeared 

t o  be caused by t h e  l eng th  of t h e  c o l l e c t o r  l e a d  from one end of t h e  

p e l l e t  t o  t h e  o the r .  

l ength  t o  reach d i f f e r e n t  p a r t s  of t h e  c o l l e c t o r .  There i s  3.3 ohms 

of induct ive reac tance  from one end of t h e  p e l l e t  t o  t h e  o t h e r .  For 

One of t h e  two p e l l e t s  would burn out  be- 

The c o l l e c t o r  cu r ren t  must flow t h i s  whole 
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C1: 3-35pF L2: Ferrite rf Choke, 
1 turn, Z = 4 5 0 0  

L3, L4: R F  Choke, 0.1 pH 
Cp, C5: 8-6OpF 

C3: 12pF  

C4: 1,OOOpF 
L5: 2-1/2 Turns, No. 18 Wire, 

1/4“ ID, 3/16” Long 

c6: 0.9-7pF R1: 5 .60 ,  1W 
L1: 2 Turns No. 18 Wire, 

11’4‘’ ID, 1/8” Long 

FIGURE 8 RF  AMPLIFIER CIRCUIT FOR TA2658 POWER OUTPUT TEST (430Mc;s OPERATION) 
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FIGURE 11 TWO HALF PELLETS IN A GROUNDED EMITTER TO-60 
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FIGURE 12 SEALED TO-60 
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20 wat ts  

cur ren t  i s  approximately 5.6 amperes. 

c o l l e c t o r  i s  9 .3  v o l t s ,  assuming t h a t  one-half t h e  c o l l e c t o r  cur- 

r e n t  flows down t h e  e n t i r e  l eng th  of t h e  c o l l e c t o r  con tac t .  The 

vol tage drop down t h e  c o l l e c t o r  l e a d  can r e s u l t  i n  a missmatch of 

t h e  load and t h e  output  impedance f o r  d i f f e r e n t  p a r t s  of t h e  device .  

power out wi th  50 percent  e f f ic iency- ,  t h e  peak c o l l e c t o r  

The peak vo l t age  drop down t h e  

Half p e l l e t s  were eva lua ted  i n  t h e  grounded e m i t t e r  TO-60. 

13 shows a p l o t  of power out ve r sus  power i n  and c o l l e c t o r  e f f i c i e n c y  

a t  430 megacycles. Figure 1 4  shows a diagram of t h e  tuned l i n e  

c i r c u i t  used. Figure15 shows t h e  socket  used i n  t h e  tuned l i n e  

c i r c u i t .  With 2.5 wat ts  d r i v e  t h e  h a l f  p e l l e t  d e l i v e r s  1 0 . 4  w a t t s  

w i t h  59 percent  e f f i c i e n c y .  The h a l f  p e l l e t  meets t h e  r equ i r ed  

ga in  and e f f i c i e n c y  and d e l i v e r s  h a l f  of t h e  r equ i r ed  power ou t .  

The next s t e p  c o n s i s t s  of g e t t i n g  t h e  e n t i r e  u n i t  working. 

Figure 

c .  Experimental S t r i p l i n e  Package 

To solve t h e  burnout problem f o r  t h e  f u l l  u n i t ,  an experimental  s t r i p -  

l i n e  package w a s  developed which g ives  equal  e m i t t e r  and base  bond 

l e a d  lengths  as w e l l  as minimum dis t rLbuted c o l l e c t o r  l e a d  inductance.  

Figure 16  i s  t h e  experimental  package, showing tl.,? f u l l  u n i t  (two h a l f  

u n i t s  mounted s i d e  by s i d e ) .  The p e l l e t s  a r e  mounted on a Be0 insu- 

l a t o r  i n  t h e  cen te r  of t h e  s l o t .  The erni t ter  wi res  a r e  bonded t o  

t h e  top of t h e  s t u d  on t h e  l e f t  of t h e  s l o t .  

bonded over t h e  e m i t t e r  bond wires  t o  t h e  base ribbon on t h e  l e f t .  

The c o l l e c t o r  bond wires  a r e  bonded from t h e  t o p  of  t h e  Be0 i n  t h e  

s l o t  t o  t h e  c o l l e c t o r  r ibbon on t h e  r i g h t .  The base  and c o l l e c t o r  

ribbons a r e  i s o l a t e d  from t h e  s t u d  by Be0 i n s u l a t o r s .  

The base wires  a r e  

Figure 17 shows a p l o t  of power out versus  power i n  and e f f i c i e n c y  f o r  

t h e  f u l l  u n i t  i n  t h e  experimental  package. Measurements were made 

i n  t h e  tuned l i n e  c i r c u i t  shown i n  Figure 14. For 7 w a t t s  d r i v e , t h e  

u n i t  de l ive r s  21 .5  w a t t s  a t  52 percent  e f f i c i e n c y .  Higher power 

ga in  i s  needed t o  meet t h e  con t r ac t  o b j e c t i v e s .  This  can be accom- 

p l i shed  by e i the r  lowering t h e  e m i t t e r  l e a d  inductance o r  redesigning 
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Z G =  50 
Ohms 

T 
92552755s 

Z L =  50 
Ohms 

FIGURE 14 TUNED LINE CIRCUIT 
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02 552765 P 

a. Completely Assembled Socket 
92552765P 

b. Socket wi th Heat Sink Removed 

92552 7 6 5  P 92552765P 

c. Test Socket with Transistor Removed (Top View) d. Test Socket with Cover Removed (Top View) 

FIGURE 15 TEST SOCKET FOR TUNED L I N E  CIRCUIT 
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FIGURE 16 EXPERIMENTAL STRIPLINE PACKAGE 
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t h e  p e l l e t .  

t h e  grounded e m i t t e r  TO-60 r a t h e r  then  r e q u i r i n g  

packaging techniques .  

RCP. chose t o  r edes ign  t h e  p e l l e t  so it could be  used i n  

s p e c i a l  undeveloped 

d. P e l l e t  Redesign 

To increase  power ga in  and inc rease  e f f i c i e n c y ,  t h e  c r i t i c a l  dimen- 

s ions  of t h e  su r face  gwometry were reduced. 

reduced c e l l  dimensions of t h e  redesigned u n i t .  

emi t te rs  i s  included i n  a 34 by 1 2  mat r ix .  

completed u n i t .  

m e t r y  of t h e  two u n i t s .  

two t o  inc rease  c o l l e c t o r  e f f i c i e n c y .  The e m i t t e r  per iphery  w a s  

decreased from 1754 m i l s  t o  1,222 m i l s .  Less emitter per iphery  i s  

needed because of t h e  h ighe r  c o l l e c t o r  e f f i c i e n c y  t h a t  w i l l  r e s u l t .  

Table 111 shows a comparison of t h e  p red ic t ed  h igh  frequency char- 

a c t e r i s t i c s  of t h e  f i r s t  and second des igns .  A narrower base  width 

of 0 .015  m i l ,  as compared t o  0.017 m i l ,  w a s  used f o r  t h e  re-  

designed u n i t .  Narrower base  widths are p o s s i b l e  because of t h e  

smaller  e m i t t e r  area and t h e  lower p r o b a b i l i t y  of l o c a l i z e d  punch- 

through due t o  imperfect ions and o the r  f a u l t s -  

F igure  18 shows t h e  

A t o t a l  of 408 
Figure  19 shows t h e  

Table I1 shows a comparison of t h e  s u r f a c e  geo- 

The base  area w a s  reduced by a f a c t o r  of 

The r e s u l t s  from t h e  f i r s t  group of u n i t s  were d isappoin t ing .  Only 

15 wat ts  could be  obta ined  f o r  5 w a t t s  of d r i v e .  

cu r ren t  b e t a  versus  c o l l e c t o r  c u r r e n t ,  shown i n  F igure  20, i n d i c a t e s  

t h a t  t h e  cause of t h e  low power out  i s  poor cu r ren t  handl ing capabi l -  

i t y .  Beta should peak over  one ampere. 

b e  caused by missalignment of t he  e m i t t e r  i n  t h e  P+ g r i d .  

u n i t s  t h e  r e g i s t r a t i o n  w a s  s o  bad t h a t  t h e  emitter opening i n  t h e  

oxide I coincided wi th  t h e  P+ g r i d  opening i n  t h e  oxide.  

i s  t h a t  t h e  e m i t t e r  has d i f fused  i n t o  t h e  P g r i d .  Poor e m i t t e r  

i n j e c t i o n  e f f i c i e n c y  and a wider base  width i s  found where t h e  e m i t -  

t e r  d i f f u s e s  i n t o  t h e  heavier  base  doping i n  t h e  P+ reg ion .  

A p l o t  of d i r e c t  

The problem w a s  thought t o  

On some 

The r e s u l t  
+ 

To determine quan ta t ive ly  t h e  e f f e c t  of e m i t t e r  t o  P+ spacing on 

power o u t ,  an experiment w a s  made us ing  t h e  u n i t  c e l l .  A s m a l l  
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TABLE I1 

COMPARISON OF SURFACE GEOMETRY FOR THE 
FIRST AND SECOND DESIGN OF THE TA2675 

No of E m i t t e r  S i t e s  

F i r s t  Design 

408 
Emitter Periphery ( m i l s )  1754 

z Emit te r  Area ( m i l s  ) 

Base Area ( m i l s  ) 2 

Emitter Periphery 

E m i t t e r  Area 

Fmitter Periphery 

2 
Base Area 

Base Metal iz ing over ( m i l  ) 
Cver Co l l ec to r  Oxide 

2 E m i t t e r  Metal iz ing ( m i l  ) 
Over Co l l ec to r  Oxide 

P e l l e t  S i z e  ( m i l s  ) 

Base Per iphery  ( m i l s )  

2 

122 

1160 

14.3 

1 . 5 1  

325 

318 

70 x 60 

345 

Second Design 

408 
1222 

57 
575 

21.4 

2.13 

150 

150 

30 x 85 
166 
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TABLE I11 

COMPARISON OF PREDICTED H I G H  FREQUENCY 
CHARACTERISTICS OF THE FIRST AND SECOND DESIGNS 

Emitter Charging Time-re(sec) 

Base T r a n s i t  T i m e - T  ( s e c )  

Co l l ec to r  Depletion Layer T r a n s i t  

Time--r ( s e c )  

b 

X 

Colle  c t or June  t ion- Capac it anc e 

Charging Tirne-T ( s e c  ) 
C 

Co l l ec to r  To E m i t t e r  

T r a n s i t  Time-T ( s e c )  

Co l l ec to r  Capacitance ( P f )  

Base Spreading Res is tance  (ohms) 

E m i t t e r  Lead Inductance- 

Grounded E m i t t e r  TO-~O(~H) 
Current G a i n  Bandwi d t  h 

Product-f (megacycles) 

e c  

T 

Power Gain at  430 Mc 

For 20 Watts 

F i r s t  Design 

.03  x 

1 . 5 4  x 10-l' 

0.23 x lo-'' 

0.37 x 

2.17 x 10-l' 

34 

.04 

0.5 

7 30 

3.1 

Second Design 

0.015 x 10-l' 
1.2 x 

0.23 x 1O-I' 

0.37 x 

1.81 x lo-'' 

18 
.04 

0.62 

880 

4 . 1  



2.2 

\ Emitter 92552757s  \ P+ Grid 

Normal Base 

A l l  Dimensions in Mils 

FIGURE 18 C E L L  STRUCTURE OF REDESIGNED TA2675 
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FIGURE 19 MICROPHOTOGRAPH OF REDESIGNED TA2675 
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por t ion  of a wafer was purposely misal igned r o t a t i o n a l y ,  s o  t h a t  

p e r f e c t l y  a l igned  u n i t s  and badly misal igned u n i t s  could  be  obta ined  

on the  same region  of t h e  wafer.  

P+ t o  emi t t e r  spacing and Figure  22 shows a p l o t  of 400 megacycles 

power ou t  versus  P+ t o  e m i t t e r  spacing f o r  t h e  purposely misal igned 

u n i t s .  

0 . 1  m i l ,  power out  i s  d r a s t i c a l l y  reduced. 

t h e  edge of t h e  e m i t t e r  and P+ openings i n  t h e  oxide conincide.  

Minus va lues  i n d i c a t e  t h a t  they  over lap .  P e r f e c t  alignment on t h e s e  

graphs would b e  + 0.2 m i l .  

emi t te r  spacing must be a t  l eas t  0 . 1  m i l  f o r  optimum performance. 

New s e t s  of masks f o r  t h e  TA2675 were obta ined  t o  main ta in  a min- 

imum P+ t o  emi t t e r  spacing of 0 . 1  m i l .  

emi t t e r  spacing i s  0 .15  m i l ,  t h e  maximum al lowable mask misregis-  

t r a t i o n  and misalignment i s  only 0.05 m i l .  

F igure  21  shows a p l o t  of f T  versus  

Figure 22 i n d i c a t e s  t h a t  i f  t h e  spacing i s  decreased below 

Zero spac ing  means t h a t  

The experiment i n d i c a t e s  t h a t  P+ t o  

Since t h e  m a x i m u m  P+ t o  

Figure 23 shows a p l o t  of power out  versus  power i n  and c o l l e c t o r  ef- 

f i c i ency  obta ined  wi th  t h e  improved mask, f o r  one of t h e  b e t t e r  

u n i t s .  For 5 w a t t s  dr ive,20.5 w a t t s  power ou t  w a s  ob ta ined  wi th  

70 percent  c o l l e c t o r  e f f i c i e n c y .  

tuned l i n e  c i r c u i t .  

grounded e m i t t e r  TO-60 package t h a t  w a s  used f o r  t h e  measurement. 

Measurements were made i n  t h e  

Figure 24 shows t h e  redesigned u n i t  i n  t h e  

Table I V  shows a comparison of t h e  c o n t r a c t  g o a l s ,  p red ic t ed  re- 

s u l t s  and t h e  r e s u l t s  achieved. 

e .  Radial  Lead Package. 

Work w a s  done on a hermet r ic  r a d i a l  l e a d  package t o  i s o l a t e  a l l  

leads  from t h e  s t u d .  F igure  25 shows a p i c t u r e  of  t h e  package 

developed. The p e l l e t  i s  mounted on a meta l ized  Be0 i n s u l a t o r  

which has  a window frame s e a l e d  t o  it wi th  a g l a s s  f r i t .  The pack- 

age i s  s e a l e d  by braz ing  t h e  ceramic l i d  t o  t h e  window frame wi th  

gold germanium. 

l e c t o r  t h e  narrowest.  

The e m i t t e r  l e a d  i s  t h e  wide l e a d  and t h e  col-  



92552706C 
Emitter T o  P+Matr ix Spacing-Mils 

FIGURE 21 CURRENT GAIN BANDWIDTH(fT) VS. EMITTER TO P t  MATRIX SPACING 
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Emitter To P t  Matrix Spacing-Mils 

FIGURE 22 400 MEGACYCLE OUTPUT POWER VS. EMITTER 
TO P+MATRlX  SPACING 
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FIGURE 23 POWER OUTPUT AND EFFICIENCY ASA FUNCTION 
O F  POWER INPUT-REDESIGNED TA2675 
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FIGURE 24 REDESIGNED TA2675 IN A GROUNDED EMITTER TO-60 
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TABLE IV 

! '  

I .  

Parameter 

COMPARISOK OF CONTRACT GOALS, CALCULATED 
PERFORMANCE, AND PERFORMANCE ACHIEVED 

Power Out 

?ICE =28 V ,  f=430 Mc 

'in = 5 w  

Power Gain 

VCE =28 V ,  f=430 Mc 

Pout=20 w 

C o l l e c t o r  E f f i c i e n c y  

VCE =28 V ,  f=430 Mc 

=2c, w, Pin =5 w Pout 

Thermal 
Res is tance  ( 0  ) j -c  

C ont r ac t G o a l s  Ca lcu la ted  Per f  ormar c e achieved 

Performance wi th  B e s t  Uni ts  
- 

20 Watts 20 Watts 21.3 Watts 

50% 

5OC, /W 

6.1 

3 . 5 O C / W  

6.3 

70% 

2.2 t o  3 . 4 5 O C I W  

L 
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a. Plan View 

FIGURE 25 RADIAL LEAD PACKAGE 
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b. Top View 



Measurements made i n  t h e  tuned  l i n e  c i r c u i t  showed 1 7 . 6  watts 

out  a i d  58 percent, e f f i c i ency  wi th  5 wat ts  d r i v e .  

out  i s  explained by t h e  s l i g h t l y  h ighe r  emi t t e r  l e a d  inductance,  as 

compared t o  t h e  grounded e m i t t e r  TO-60. 

The lower power 

f .  Equivalent C i r c u i t  of Packages 

5 
I -  

I n  gene ra l  p a r a s i t i c  inductance and capaci tance wi th in  a t r a n s i s t o r  

package adverse ly  e f f e c t  RF performance and, t h u s ,  should be minimal 

( c o n s i s t e n t  wi th  t h e  frequency range of o p e r a t i o n ) .  The package 

should show no spur ious  resonances w i t h i n  t h e  frequency range of 

i n t e r e s t  and r e s i d u a l  l o s ses  a t  t h e s e  f requencies  should be as low 

as p r a c t i c a l .  I n  addi t ion ,  whi le  t h e  package design should be 

c o n s i s t e n t  wi th  t h e  above and o t h e r  system requirements ( e . g . ,  

p lug-in,  coax ia l ,  m i c r o s t r i p ) ,  t h e  design should a l s o  meet t h e  nor- 

m a l  requirements of low c o s t ,  r e p r o d u c i b i l i t y ,  d e s i r e d  power d is -  

s i p a t i o n  c a p a b i l i t y ,  as wel l  as o t h e r  r equ i r ed  environmental  char- 

a c t e r i s t i c s .  

The packages developed for  t h e  TA2675 which opera te  i n  t h e  UHF 

range,  were of t h e  plug-in type ,  ( e . g . ,  TO-60 c a s e ) ,  and r a d i a l -  

l e a d  t y p e s ,  ( e . g . ,  t he  mic ros t r ip  v e r s i o n s ) .  Typical  measured 

values  f o r  t h e  p a r a s i t i c  elements i n  t h e s e  packages are shown i n  

Figure 26. Element values w e r e  det.ermined by d i r e c t  measurements 

on dummy package u n i t s .  The inductance elements were measured on 

a General Radio Company Type 1 6 0 7 - ~  Immitance Bridge. Mutual in -  

ductance e f f e c t s  were considered n e g l i g i b l e .  Confirming measure- 

ments of t h e  important common e m i t t e r  l e a d  inductance were made 

us ing  an i n s e r t i o n  loss method. (4) 
sured  d i r e c t l y ,  a t  a frequency of 1 megacycle, us ing  t h e  Boonton 

E lec t ron ic  Corporation Model 75A-58 Capacitance Bridge. 

Capacitance elements were m e a -  

Typical  p a r a s i t i c  element values  f o r  t h e  s tandard  TA2675 u n i t ,  pack- 

aged i n  t h e  plug-in t y p e  TO- 60 case  wi th  e m i t t e r  grounded, a r e  

given i n  Figure 26a. The emi t t e r  l eads  a r e  bonded d i r e c t l y  t o  d . 
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' I  nH 1.5pF 

I f lnH) T (2pF)  

a. Standard TO-60 Package 

B4k-rc 

1.9pF 2 .32nH 7' 1.7pF < E 

b. Experimental Stripline Package 

+IpF o c  7 

I 1.35nH 

1 
T 0'79pF 3 *8nH 

-l- 1.05pF 

T 
'I, 

925527975 E 

c. Radial Lead Package 

Values i n  Parenthesis 
Were Measured Using 
The Emitter Pin as 
The Emitter Connection. 
Others Were Made Using 
The Stud as The Emitter 
Connection. 

FIGURE 26 CASE PARASITIC ELEMENTS 
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m e t a i l i z i n g  pad which leads d i r e c t l y  t o  t h e  s t u d  t o  reduce t h e  

emitter.  l e a d  inductance i l s  much as p o s s i b l e .  Note t h a t  t h e  

e m i t t e r  l e a d  inductance,  as measured at t h e  t o p  edge of t h e  TO-60 
cap,  i s  l e s s  than one-third t h e  inductance which i s  measured a t  t h e  

e m i t t e r  p in  d i r e c t l y .  ( P a r e n t h e t i c a l  values  i n  Figure 26a are 

tnose  measured wi th  re ference  t o  t h e  e m i t t e r  p i n ) .  

This  is  an important cons idera t ion  i n  h igh  frequency design work 

s i n c e  cornmu3 e x i t t e r  l e a d  inductance a c t s  as a feed-back element,  

reducing s t a b i l i t y ,  and a l so  causes an a d d i t i o n a l  r e s i s t i v e  COT 

ponent t o  appear i n  t h e  t r a n s i s t o r  input  impedance. I n  genera- 

a l l  common e m i t t e r  Y-parameters a r e  adverse ly  modified by t h e  

common e m i t t e r  impedance (4) and thus  UHF t r a n s i s t o r  designs gen- 

e r a l l y  p lace  grea', emphasis on t h e  reduct ion  of  t h i s  parameter.  

Base and c o l l e c t o r  l e a d  inductances are r e l a t i v e l y  low f o r  t h e  plug- 

i n  TO-60 case  and should present  no d i f f i c u l t i e s  i n  t h e  p re sen t  f r e -  

quencies  of i n t e r e s t  ( e .  g . ,  200 t o  500 megacycles ) . 

Shunt capac i tances ,  t o  t h e  case ,  i n  t h e  plug-in TO-60 u n i t  a r e  suf -  

f i c i e n t l j r  LOW s o  as to cause no se r ious  degrading e f f e c t s  up t o  

about 700 megacycles. However, t h e  i n t e r e l e c t r o 2 e  capac i tance  be- 

tween base and c o l l e c t o r ,  about l p ico fa rad ,  i s  somewhat h igher  t han  de- 

s i r a b l e  and may have cont r ibu ted  t o  t h e  tendency f o r  t h i s  package 

t o  develop low frequency o s c i l l a t i o n s  under c e r t a i n  condi t ions  of 

mismatch. 

An experimental  s t r i p l i n e  package, shown i n  Figure 16 mounted on a 

7/16-inch s t u d ,  had t h e  p a r a s i t i c  elements shown i n  Figure 26b. 

This package conf igura t ion  which i s  r e a d i l y  adaptab le  t o  s t r i p l i n e  

c i r c u i t r y ,  showed extremely low p a r a s i t i c  inductance va lues  f o r  a l l  

t r a n s i s t o r  l e a d s .  The emi t t e r  l e a d  inductance w a s  approximately 

one-half of  t h a t  measured i n  t h e  plug-in TO-60 case  under grounded 

e m i t t e r  condi t ions .  Shunt capac i t ances ,  t o  s t u d ,  were somewhat 

h ighe r  than  t h e  plug-in u n i t ,  b u t  t h e  important  base- to-co l lec tor  

i n t e r e l e c t r o d e  capaci tance w a s  s u b s t a n t i a l l y  lower.  Improved RF 

performance could be expected i n  t h i s  package and has a c t u a l l y  been 
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v e r i f i e d  i n  experimental  t e s t s .  However, t h e  s t anda rd  plug-in 

TO-60 case was found capable  of  good performance i n  convent ional  

lumped-constant c i r c u i t s  and w a s  s e l e c t e d  f o r  gene ra l  program 

evalua t ion  purposes because of  h ighly  developed product ion  

f a c i l i t i e s  f o r  t h i s  t ype .  

A smaller-vers ion r a d i a l - l e a d  package, shown i n  F igure  25, i n  which 

t h e  p e l l e t  w a s  i s o l a t e d  from t h e  s t u d ,  w a s  a l s o  eva lua ted .  Par- 

a s i t i c  elements measured f o r  t h i s  u n i t ,  which i s  a l s o  adaptab le  t o  

s t r i p - l i n e  techniques ,  a r e  given i n  F igure  2 6 ( ~ ) .  

l e a d  inductance f o r  t h i s  p a r t i c u l a r  devi e measured somewhat h ighe r  

than  t h e  o t h e r  two vers ions  eva lua ted .  However, t h e  b a s i c  design 

concepts used i n  t h i s  vers ion  can l e a d  t o  much lower va lues .  

The emitter 

A s  mentioned p rev ious ly ,  t h e  plug-in TO-60 case  package w a s  s e l e c t e d  

f o r  t he  sample u n i t s  which were de l ive red  on t h i s  program. Extensive 

d a t a  f o r  performance i n  t h i s  package has  been c o l l e c t e d  during t h e  

course of t h i s  program. 

T g. Measurement of f 

The gain-bandwidth products  shown i n  F igure  27 were determined from 

s m a l l  s i g n a l  parameters as measured on t h e  General Radio Company 

Type 1607-A Transfer-Function Bridge. Small-s ignal  B measurements 

were made on a number of e a r l y  samples incorpora t ing  t h e  second de- 

s ign .  These u n i t s  a r e  from t h e  group t h a t  gave low power output  

because of t h e  s m a l l  e m i t t e r  t o  P+ spac ing  previous ly  descr ibed .  

La ter  u n i t s  wi th  t h e  c o r r e c t  e m i t t e r  t o  P+ spac ing ,  o s c i l l a t e d  

during measurements, so  that r e s u l t s  could not  be obta ined .  How- 

e v e r ,  fT va lues  o f  t h e  l a t e r  u n i t s  should be  h ighe r  than  t h e  follow- 

i n g  measurements i n d i c a t e .  F igure  2 1  i n d i c a t e s  t h e  e f f e c t  of e m i t t e r  

t o  P+ spacing on f,. 
L 

Sample TA2675 units and t h e  averaged values  were used t o  determine 

fT from the  r e l a t i o n :  

fT = Bf  ( 2 6 )  
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FIGURE 27 GAIN-BANDWIDTH PRODUCT VERSUS COLLECTOR CURRENT T Y P E  TA2657 
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The measurements were made a t  300, 400, and 500 megacycles. 

surements were made a t  b i a s  l e v e l s  of 5 and 10  v o l t s  and wi th  co l -  

l e c t o r  cLrren ts  up t o  500 mill iamperes  t o  avoid  spur ious  r e s u l t s  

due t o  t h e  appearance of second breakdown e f f e c t s .  Operat ion a t  

these  l e v e l s  a l s o  avoided degradat ions due t o  gene ra l  thermal  

e f f e c t s ,  s i n c e  h e a t  s ink ing  p o s s i b i l i t i e s  f o r  t h e  b r idge  t e s t  

f i x t u r e  were l i m i t e d .  

Mea- 

An attempt a t  h igher - leve l  ope ra t ion  w a s  made through t h e  use  of 

simple p u l s e  techniques .  The d a t a  shown i n  Figure 27 w a s  ob ta ined  

a t  the 20-volt b i a s  l e v e l ,  wi th  t h e  t r a n s i s t o r  pu l sed  on f o r  about 

50 mil l i secondsa t  a 5 percent  duty cyc le .  The c o l l e c t o r  c u r r e n t ,  

under t h e s e  cond i t ions ,  could  be inc reased  t o  about t h e  900 m i l l i -  

ampere l e v e l  be fo re  second breakdown ( Sb) e f f e c t s  again appeared. 

An osc i l loscope  w a s  used t o  sample t h e  c o l l e c t o r  c u r r e n t ,  and 

second breakdown e f f e c t s  could be determined from t h e  decay i n  t h e  

pulse  cu r ren t  l e v e l .  

genera l ly  prevented run away damage. 

Figure 27 w a s  ob ta ined  j u s t  below t h i s  observed l e v e l .  The va lue  

of 5 
somewhat lower than  t h e  low l e v e l  dc measurements. This  appears t o  

be due t o  gene ra l  thermal  e f f e c t s  s i n c e  p u l s e  measurements a t  t h e  

5 and 1 0  v o l t  l e v e l  gene ra l ly  agreed with t h e  dc measurements a t  

these  vo l t ages .  

Use of a l i m i t i n g  r e s i s t a n c e  i n  t h e  emitter 

The pu l sed  d a t a  shown i n  

at( VCE= 20 v o l t s ) ,  as measured by t h e  p u l s e  technique ,  i s  

Bridge measurements, t h u s ,  i n d i c a t e  t h a t  5 i s  i n  t h e  o rde r  of 600 

t o  700 megacycles a t  t h e  400 t o  500 mill iampere c o l l e c t o r  cu r ren t  

l e v e l .  The f va lues  i s  h ighe r  t han  700 megacycles on la te r  u n i t s  

t h a t  incorpora ted  t h e  c o r r e c t  P+ t o  e m i t t e r  spacing.  
T 

bb ’ h .  Determination of r 

The base  spreading  r e s i s t a n c e  i s ,  a t  b e s t ,  a very  d i f f i c u l t  parameter 

t o  determine wi th  accuracy. The e f f e c t  o f  p a r a s i t i c  elements tends  

t o  mask t h e s e  de te rmina t ions ,  e s p e c i a l l y  a t  medium f requencies .  How- 

ever ,  at very h igh  f requencies ,  i . e . ,  where f > > f  BCO ’ t h e  impedance 

of  C b l e  and C b l c  i s  very much smaller than  r s o  t h a t  t h e  base  bb ‘ 
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r e s i s t a n c e  becomes t h e  s i g n i f i c a n t  p a r t  of t h e  s e r i e s  input  r e s i s -  

t ance .  A t  t hese  same very high f requencies ;  however, e m i t t e r  l e a d  

inductance inc reases  t h e  e f f e c t i v e  inpu t  r e s i s t a n c e  s o  t h a t :  

+ w  L T e  = r  R i n  bb '  
127) 

where L i s  t h e  e m i t t e r  lead  inductance.  e 

Thus, rbbl can be  approximately determined by measuring t h e  r e a l  

p a r t  o f  hie a t  some appropr ia te  high frequency. 

i s  b e s t  determined from d i r e c t  experimental  measurements. 

E h i t t e r  inductance 

For  t h e  TA2675 a t  400 megacycles, wi th  IC= 500 mil l iamperes  @ Vcc=10 

v o l t s ,  Re 1 hie 1 w a s  found t o  be  approximately 2.7 ohms (as determined 

from t r ans fe r - func t ion  br idge measurements). 

ductance ( L e )  under grounded e m i t t e r  condi t ions  i n  t h e  plug-in 

TO-60 case w a s  determined t o  be  i n  t h e  o rde r  of 0.62 nanohenry. 

va lue  of f 

cyc le s .  

The e m i t t e r  l e a d  in -  

The 

was previous ly  found t o  be  i n  t h e  o rde r  of 680 mega- T 

Thus, from experimental ly  determined va lues ,  r can be determined 

as fol lows:  
bb ' 

- - w  L - 
r bb '  - Re l h i e l  T e 

= 2.7 - 2.6 ohms 

= 0.1 ohms 

bb '  Three measurements were requi red  t o  a r r i v e  a t  t h i s  value of r 

S l i g h t  e r r o r s  i n  making any one of t h e  t h r e e  measurements would cause 

t h e  measured r t o  vary considerably.  The r e s u l t s  agree Closely bb ' 
with  t h e  r va lue  of 0.04 ohm p r e d i c t e d  i n  Sec t ion  11-B8. There- 

f o r e ,  r i s  very s m a l l  i n  comparison t o  WTLe and can be neglec ted .  
bb ' 

bb ' 
i .  Measurement of  Small S igna l  Input  and Output Parameters 

Small-s ignal  parameters were measured a t  300, 400, and 500 megacycles 

us ing  t h e  General Radio Company Type 1607-~ Immittance Bridge. 

Measurements were gene ra l ly  l i m i t e d  t o  a maximum VCE of 10 v o l t s  

and a maximum I of 500 mill iamperes ,  i n  t h e  dc t e s t s ,  t o  avoid C 
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second breakdown e f f e c t s  which appear a t  h ighe r  power ope ra t ing  levels.  

Some da ta  w a s  ob ta inab le  a t  V = 20 v o l t s  and V = 28 v o l t s ,  bu t  a t  

I l e v e l s  below 200 mil l iamperes .  
CE CE 

C 

i 62 

The d a t a  for h parameter measurements, which are p l o t t e d  i n  Figures  28,251 

an% 30 i l l u s t r a t e  t h e  very low input  and output  impedances f o r  theQpeTk2675 

t r a n s i s t o r .  I t  i s  seen t h a t  t h e  r e a l  p a r t  of t h e  s e r i e s  i npu t  impedance, 

a t  430 megacycles,is  about 2.5 ohms when V i s  about 10 v o l t s .  I t  

must be  remembered t h a t  a s u b s t a n t i a l  component i n  t h i s  rea l  p a r t  i s  due 

t o  t h e  e f f e c t  of t h e  common emitter inductance.  The base  r e s i s t a n c e ,  a t  

t h i s  frequency and cu r ren t  l e v e l ,  i s  much less  than  one ohm, t h u s ,  e m i t -  

t e r  inductance con t r ibu te s  t h e  major p o r t i o n  of t h e  inpu t  r e s i s t a n c e .  

The d a t a  shown i s  f o r  t h e  grounded-emitter conf igu ra t ion  which has t h e  

l e a s t  amount of e m i t t e r  inductance.  The rea l  p a r t  of t h e  input  impedance 

would have increased  s u b s t a n t i a l l y  i f  t h e  e m i t t e r  connection had been 

made through t h e  e m i t t e r  p in  alone.  The imaginary p a r t  of t h e  inpu t  

impedance i n d i c a t e s  a s l i g h t  i nduc t ive  component, which, a t  t h e s e  f r e -  

quencies ,  i s  probably composed l a r g e l y  of package p a r a s i t i c  inductance 

elements seen by t h e  inpu t  c i r c u i t .  

CE 

The output inpedance i s  h ighly  capac i t i ve ,  a t  t y p i c a l  ope ra t ing  cond i t ions ,  

wi th  t h e  r e a l  p a r t  of t h e  impedance ( a t  430 megacycles and V 

i n  t h e  order  of seven ohms. 

t h e  real  p a r t  of t h e  output  impedance i s  i n  t h e  o rde r  of t e n  ohms. A t  

t h e  t y p i c a l  ope ra t ing  l e v e l  of VCE = 28 v o l t s  and I 600 mil l iamperes  

t h e  output impedance appears t o  be i n  t h e  o rde r  of  1 5  ohms and has been 

l a r g e l y  v e r i f i e d  i n  t h e  design of matching networks used a t  t h i s  l e v e l .  

= 1 0  v o l t s )  CE 
A t  VCE = 20 v o l t s  and I = 200 mi l l iamperes ,  C 

C 

P r e l i n i n a r y  determinat ions f o r  high l e v e l  parameters ,  e .g . ,  V 

I = 1 . 0  a p e r e ,  were made us ing  t h e  General Radio Company Type 1607-A 

Bridge under pu l se  condi t ions .  Pu l se  lengths  of about 50 mi l l i seconds  

and 5 percent  duty cyc le  were ob ta inab le  from a s i m p l i f i e d  pu l s ing  u n i t ,  

bu t  t h e  measurements which were made s t i l l  gave i n d i c a t i o n s  of excess ive  

power d i s s i p a t i o n  i n  t h e  device.  Fu r the r  work i n  t h i s  area w a s  necessary 
and , t h e r e f o r e ,  sys temat ic  pu l se  d a t a  w a s  secured  for t h i s  program. 

= 28 v o l t s ,  CE 

C 
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j . Measurement of Thermal Res is tance  

Measurements were made by monitoring t h e  change i n  V wi th  inc reas -  

i n g  device temperature  r e s u l t i n g  from power d i s s i p a t i o n .  

ment was made on a Tektronix ( t y p e  541)  o s c i l l o s c o p e  equipped wi th  a 

Type Z plug-in u n i t  f o r  s e n s i t i v e  vo l t age  measurement. 

of the t e s t  c i r c u i t  i s  shown i n  Figure 31. Measurements were made 

a t  a c o l l e c t o r  cu r ren t  of approximately 1 .0  ampere and a temperature  

d i f f e r e n t i a l  of approximately 15OC. 

i n  a manner such t h a t  t h e  measurement w a s  no t  i n f luenced  by l o c a l  

thermal e f f e c t s  due t o  second breakdown. This  w a s  accomplished by 

keeping t h e  c o l l e c t o r  vo l t age  i n  t h e  5 t o  6 v o l t  range,  which i s  

genera l ly  f r e e  of t h i s  condi t ion .  Measurements on n ine  TA2675 

u n i t s  of  t h e  f i n a l  des ign ,  ranged from 2 .2  t o  3.45OC/W with an 

average of ~ . ~ O C / W .  

BE 
The measure- 

A diagram 

The condi t ions  were a r r i v e d  a t  

k .  Environmental Tes t ing  
~ 

TA2675 f i n a l  samples were sub jec t ed  t o  t h e  hermetic  s e a l ,  

temperature cyc l ing ,  and shock t e s t s  i n d i c a t e d  i n  t h e  device  

s p e c i f i c a t i o n s .  

l e a d  f a t i g u e  and s o l d e r i n g  tes ts  because t h e  TO-60 package has  

passed i d e n t i c a l  tes ts  i n  previous a p p l i c a t i o n s .  No l e e k e r s  were 

de tec ted  i n  t h e  hermetic  s e a l  t e s t  and no degradat ion w a s  observed 

i n  the  junc t ion  c h a r a c t e r i s t i c s  o f  t h e  devices  i n  t h e  temperature  

cyc l ing  and shock t e s t s .  However, some power output  degradat ion 

occurred,  as i n d i c a t e d  i n  Table V. The degradat ion occurred 

during t h e  f i n a l  phase of t h e  power output  t e s t s  r a t h e r  than  

during t h e  envoronmental tes ts .  The u n i t s  (No. 1 4  and No. 

2 2 )  t h a t  s u f f e r e d  t h e  most degradat ion exh ib i t ed  very leaky  

emi t t e r s  a f t e r  t h e  f i n a l  power output  t e s t .  This degradat ion 

w a s  caused by mistuning during t h e  f i n a l  ou tput  power tests 

r a t h e r  than  environmental  d e f e c t s .  

The devices  were not  subjec ted  t o  t h e  s p e c i f i e d  
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Pulse 
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Power 
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TLSOOS 

a. Test Circuit 

b. Test Set 

FIGURE 3 1 T H E R M A L  RESISTANCE TEST CIRCUIT AND TEST SET 
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E .  C i r c u i t  Evaluat ion of TA2675 

The c i r c u i t  eva l i~a t . ion  e f f o r t  w a s  confined t o  Class C opera t ion  of t h e  TA2675 

as a continuous s i g n a l  RF power ampl i f i e r .  

were used. 

Lmped cons tan t  element c i r c u i t s  

1. Lumped Constant C i r c u i t  Design Approach 

To o b t a i n  20 w a t t s  of RF power output a t  430 megacycles, t h e  requi red  

va lue  of c o l l e c t o r  l oad  r e s i s t a n c e  must be  e s t a b l i s h e d .  For Class C 

ope ra t ion ,  t h e  load  r e s i s t o r  can be determined as fol lows 
2 

'CE = -  
Re 2p0 

- 784 - - = 19 ohms 
282 - 

The above va lue  of c o l l e c t o r  load r e s i s t a n c e  assumed t h a t  t h e  t r a n s i s t o r  

has  zero s a t u r a t i o n  vol tage  and will be lower i n  va lue  depending upon 

s a t u r a t i o n  vo l t age  of t h e  device.  

If t h e  t r a n s i s t o r  i s  only capable of having a c o l l e c t o r  e f f i c i e n c y  of 

50 pe rcen t ,  t hen  t h e  a v a i l a b l e  dc lnput  power t o  t h e  t r a n s i s t o r  must be :  

0 
P 

N Pdc ( supp ly )  = - 
C 

40 w a t t s .  20 
0 . 5  
- =  

The TA2675 must be capable  of  passing 1 . 4 3  amperes of dc c o l l e c t o r  cu r ren t  

when a 28 v o l t  c o l l e c t o r  supply i s  used. 

2. 430 Megacycle C i r c u i t  Performance 

The TA2675 w a s  eva lua ted  pr imar i ly  a t  430 megacycles t o  determine whe.ther 

t h e  device could provide t h e  requi red  RF power performance. 

shows t h e  lumped cons tan t  element c i r c u i t  used t o  eva lua te  t h e  TA2675 

Figure 32 



The c i r c u i t  i s  contained i n  a r ec t angu la r  chass i s  1% x 1% x 6 inches .  

The input  c i r c u i t  c o n s i s t s  of t h e  network formed by C 1’ C 2 ¶  C3’ and 

L1. 
copper tub ing  which i s  one-inch long.  The output  t ank  c i r c u i t  c o n s i s t s  

5 ,  ~ 6 ,  L ~ ,  and L of t h e  network formed by C 4 ,  C 

copper s t r a p  1 / 8  inch wide and approximately 5/8 inch  long .  

( L 3 )  i s  represented  by a p i e c e  of 1 / 4  inch  diameter  copper tub ing  which 

i s  l /b- inches long. 

The inductor  (L 1 i s  r ep resen ted  by a p i ece  of l /h- inch diameter  1 

The induc to r  ( L ~ )  i s  a 3’ 
The induc to r  

The TA2675 product  which w a s  eva lua ted  r ep resen ted  groups of t r a n s i s t o r s  

i n  which t h e  device parameters were a d j u s t e d  t o  opt imize peak c u r r e n t  

handl ing  c a p a b i l i t y  a t  430 megacycles. Figure 33 shows a p l o t  of power 

output  versus  power input  f o r  low, average,  and h igh  l i m i t  u n i t s  of t h e  

TA2675 product d i s t r i b u t i o n  measured. The low l i m i t  va lue  w a s  e s t a b l i s h e d  

a t  a minimum power ga in  of t h r e e  t imes ,  o r  4 . 5  dB. 
power, t h e  low l i m i t  u n i t  w i l l  d e l i v e r  1 5  w a t t s  at  430 megacycles. 

though t h i s  low l i m i t  on power ga in  may appear t o  be  somewhat a r b i t r a r y ,  

it does represent  t h e  minimum power ga in  usua l ly  accepted f o r  most com- 

merc i a l  VHF power t r a n s i s t o r s .  It  w a s  found t h a t  wi th  5 w a t t s  of  d r i v i n g  

power, t h e  TA2675 product  i s  capable  of d e l i v e r i n g  15 t o  18 w a t t s  of 

power output at 430 megacycles. 

element c i r c u i t  w a s  compared t o  t h e  d a t a  obta ined  i n  t h e  s t u b  t u n e r  c i r c u i t .  

It w a s  found t h a t  f o r  an input  power of 5 watts, t h e  lumped cons tan t  

c i r c u i t  power output  w a s  approximately one w a t t  lower than  those  obta ined  

on t h e  s tub t u n e r  t e s t  c i r c u i t .  This may be a t t r i b u t e d  i n  p a r t  t o  t h e  

power loss  i n  t h e  lumped-constant tuned networks. F igure  34 shows a p l o t  

o f  t h e  c o l l e c t o r  c i r c u i t  e f f i c i e n c y  versus  RF inpu t  d r iv ing  power f o r  t h e  

TA2675. ’ 

With 5 w a t t s  of d r i v i n g  

A l -  

The d a t a  obta ined  i n  t h e  lumped cons tan t  

The lower l i m i t  u n i t s  have a c o l l e c t o r  c i r c u i t  e f f i c i e n c y  of approximately 

55 percent  a t  5 w a t t s  of d r iv ing  power. The h igh  l i m i t  u n i t s  had an 

average c o l l e c t o r  c i r c u i t  e f f i c i e n c y  of approximately 60 pe rcen t  f o r  5 
w a t t s  of input  d r iv ing  power. 
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FIGURE 33 POWER OUTPUT AS A FUNCTION OF POWER INPUT (TA2675) 
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3. 300 llegacycle C i r c u i t  Performance 

The TA2675 product w a s  eva lua ted  a t  300 megacycles t o  check lower f r e -  

quency performance. 

one shown i n  Figure 32. A p l o t  of power output  versus  inpu t  power i s  

shown i n  Figure 35. With 5 watts of input  d r iv ing  power, t h e  TA2675 

w a s  found capable of de l ive r ing  23.5 t o  26 w a t t s  of RF output  power. 

Figure 36 shows a p l o t  of c o l l e c t o r  c i r c u i t  e f f i c i e n c y  versus  inpu t  

power. 

64 pe rcen t  and 300 megacycles f o r  an inpu t  d r i v e  of 5 w a t t s .  

The t e s t  c i r c u i t  used w a s  b a s i c a l l y  t h e  same as t h e  

The TA2675 product ' s  c o l l e c t o r  e f f i c i e n c y  ranged from 57.5 t o  
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111. NEW TECHNOLOGY 

A.  General  Processing 

The 20 w a t t ,  430 megacycle t r a n s i s t o r  w a s  processed using e p i t a x i a l  s i l i c o n  

wafers .  The s u b s t r a t e  i s  antimony doped t o  a r e s i s t i v i t y  of approximately 

0.010 ohm-cm and has an e p i t a x i a l  phosphorus 

s u r f a c e  l a y e r .  

s u r f a c e  must be pol i shed  f r e e  of a l l  d e f e c t s ,  bumps, ho le s ,  and grown s o  

t h a t  exac t  p a t t e r n  reproduct ion and photo-mask alignment can be achieved. 

2 doped 1 . 6  t o  2 . 1  ohm-cm 

The o v e r a l l  wafer thickness  i s  6 .0  t o  8.0 m i l s .  The wafer 

The d i f f u s i o n  and impuri ty  p r o f i l e s  a r e  s p e c i f i c a l l y  designed f o r  high- 

f requency,  high-power output .  The junc t ion  depths a r e  shown i n  F i g u r e 1 .  

The base  d i f f u s i o n  i s  about 0.055 m i l  However, under t h e  e m i t t e r  t h e  

d i f f u s i o n  base depth has  been pushed out t o  0.085 m i l .  

s i s t a n c e  P+ l a y e r  w h i m  goes t o  a depth of about 0.095 m i l  i s  needed 

t o  reduce base  spreading r e s i s t a n c e .  The e m i t t e r  d i f f u s i o n  depth i s  

about 0.065 m i l  which leaves  a base width of 0.018 m i l .  

A low shee t  re- 

The photoengraving masks and processing r equ i r ed  f o r  t h e  success fu l  fabi i -  

c a t i o n  of t h i s  t r a n s i s t o r  i n d i c a t e  a marked improvement i n  t h e  s t a t e -o f -  

t h e  -art  s i n c e  t h e  beginning of t h i s  program. The f i n a l  p a t t e r n  design w a s  

about 75 m i l s  long. When p r i n t i n g  such a l a r g e  image on t h e  master masks, 

t h e  a b e r r a t i o n s  of t h e  l ens  caused d i s t o r t i o n  a t  t h e  ends of t h e  p a t t e r n .  

To c o r r e c t  f o r  t h i s  d i s t o r t i o n ,  s t r i c t  c o n t r o l  over photo- res i s t  exposure and 

development w a s  needed. S l i g h t  v a r i a t i o n s  i n  exposure l i g h t  i n t e n s i t y ,  from 

day t o  day, caused v a r i a t i o n s  i n  exposure which overshadows exposure t i m e .  

This  w a s  co r rec t ed  by f requent  l i g h t  i n t e n s i t y  checks and adjustments.  De- 

veloping procedures were i n i t i a t e d  t o  c o n t r o l  swel l ing  and shr inking  of 

photo r e s i s t  which d r a s t i c a l l y  l i m i t  t h e  r e p r o d u c i b i l i t y  of l i n e  width.  

t h e s e  process  improvements, it was poss ib l e  t o  a l i g n  0 . 1  m i l  e m i t t e r  l i n e s  

i n s i d e  0 . 4  m i l  base  regions wi th  enough p rec i s ion  and accuracy t o  prevent  

e m i t t e r  P+ over lap .  

With 
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B .  Base-Width Measurement 

Base-width con t ro l  i s  one of t h e  most important  parameters i n  t h e  s u c c e s s f u l  

f a b r i c a t i o n  of over lay  t r a n s i s t o r s .  

i s  inadequately determined wi th  a s i n g l e  measurement p e r  wafer .  A nondestruc- 

t ive  measurement i s  e s s e n t i a l  t o  e s t a b l i s h  t h e  necessary  c o n t r o l  over base  and 

e m i t t e r  d i f f u s i o n  and u l t i m a t e l y  t h e  base  width.  

Var i a t ion  ac ross  a wafer or between wafers  

A key, shown i n  F igure  37, w a s  designed i n t o  t h e  photoengraving masks. A four-  

po in t  probe i s  used wi th  t h e  key t o  measure t h e  shee t  r e s i s t a n c e  of t h e  base- 

width under the  e m i t t e r .  A schematic of t h e  equipment used t o  m a k e  t h i s  measure 

ment i s  shown i n  Figure 38. The base  width i s  then  determined from t h e  curve 

shown i n  Figure 39. The curve i s  e s t a b l i s h e d  by c a l c u l a t i n g  t h e  shee t  resis- 

tance  of sublayers  and t ranspos ing  t o  c u r r e n t v e r s u s  th i ckness .  Because of t h e  

base push-out under t h e  e m i t t e r  on t h i s  device ,  t h e  sublayer  shee t  r e s i s t a n c e  

c a l c u l a t i o n s  were made using t h e  base  depth immediately under t h e  emit ter .  A 

Gaussian impurity d i s t r i b u t i o n  i s  assumed. S ince  base  push-out v a r i e s  wi th  

e m i t t e r  depth ,  t h e  accuracy of t h e  measurement i s  wi th in  0.0015 m i l  a t  t h e  

designed base-width and t h e  e r r o r  w i l l  i nc rease  t o  - 0.003 m i l  wi th  base-widths 

40 pe rcen t  from t h e  norm. 

i 

Using t h i s  non-destruct ive measurement , v a r i a t i o n s  i n  base-width of 0 .OO5 m i l  

were observed from t o p  t o  bottom on a s i n g l e  wafer .  This  explained t h e  wide 

v a r i a t i o n  i n  b e t a  and f t h a t  had been experienced a t  t h a t  t i m e .  Improved 

c o n t r o l  on base and emitter d i f fus ions  r e s u l t e d  i n  a reduct ion  i n  t h e  v a r i a t i o n  

of W across  a wafer, and even wi th in  a run of 10 wafers, t o  l e s s  t han  0.002 

m i l .  

T 

Data accumulated on t h e  u n i t  c e l l  i n d i c a t e s  a s i g n i f i c a n t  improvement w a s  

made i n  con t ro l  o f  f once non-destruct ive base-width measurement,s became 

r o u t i n e .  Before non-destruct ive basewidths measurements were used f v a r i e d  

by - 40 percent .  Af t e r  non-destruct ive basewidth measurements became routine, 

fT v a r i e d  by only - 10 percent .  

t h e  measurements provided a much more r e p r e s e n t a t i v e  reading of base-width 

f o r  t h e  wafer .  

T 

'T + 
+ The reason f o r  t i g h t e n i n g  t h e  range w a s  t h a t  
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FIGURE 37 ELECTRICAL BASE WIDTH MEASUREMENT KEY 
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C .  Deposited Gxide 

The f a b r i c a t i o n  of t h i s  t r a n s i s t o r  requi red  t h i c k  oxide l a y e r s  as t h i c k  

d i e l e c t r i c s  under t h e  e m i t t e r  and base bonding pads.  This  reduces s t r a y  

capac i tance  t o  a minimum. The oxide i s  also used as a process ing  device 

t o  reduce t h e  e f f e c t s  of p inhole  e tch ing  i n  t h e  v i c i n i t y  of t h e  c o l l e c t o r -  

base  per iphery  and t o  improve diode y i e l d s .  

A f t e r  P+ ox ida t ion ,  a t h i c k  S i 0  l a y e r  i s  grown over t h e  e n t i r e  wafer .  

The base  areas a r e  e tched through the  e n t i r e  oxide s o  t h a t ,  a f t e r  base  d i f -  

f u s i o n ,  t h e  base -co l l ec to r  j unc t ion  has been formed w e l l  under t h e  t h i c k  

oxide by l a t e r a l  d i f f u s i o n .  The thermally grown oxide i n  t h e  base  a reas  i s  

about one-third t h e  th ickness  of t h e  depos i ted  oxide.  The e m i t t e r  a r eas  

a r e  e tched  i n t o  t h e  t h i n  oxide and any p inho les ,  which may be etched a t  t h e  

same t ime near  t h e  co l lec tor -base  per iphery ,  w i l l  p e n e t r a t e  one-third t h e  

oxide depth.  The remaining two-thirds w i l l  p r o t e c t  t h e  junc t ion  from 

degrada t ion  even though an add i t iona l  20008 of oxide i s  converted t o  g l a s s .  

2 

D. L a t e r a l  Di f fus ion  

I t  would be very d i f f i c u l t  t o  a l i g n  and open a l i n e  having adequate c x t a c t  

width wi th in  t h e  0.10 x 1 . 4  m i l s  emi t t e r  l i n e  on t h i s  t r a n s i s t o r  t o  contac t  

t h e  e m i t t e r .  It w a s  necessary,  t h e r e f o r e ,  t o  depend e n t i r e l y  on t h e  d i f f u s i o n  

perpendicular  t o  t h e  e m i t t e r  depth t o  extend f a r  enough under t h e  surrounding 

oxide,  t o  p r o t e c t  t h e  emit ter-base junc t ion  from s u r f a c e  e f f e c t s  and s h o r t i n g  

by t h e  con tac t  metal .  

The base  impuri ty  d i s t r i b u t i o n ,  with t h e  high concent ra t ion  a t  t h e  su r face ,  

and t h e  dep le t ion  of phosphorus reduces t h e  l a t e ra l  d i f f u s i o n  of t h e  emit- 

t e r  t o  about 40 percent  of t h e  emi t t e r  d i f f u s i o n  depth,  o r  0.025 m i l .  

t h e  e m i t t e r  d i f f u s i o n  approximately 0.010 m i l  of  oxide i s  converted t o  phos- 

phorus g l a s s  and removed. 

t h e  edges of t h e  e m i t t e r  i s  cut  back 0.015 t o  .020 m i l .  Consequently, t h e  

l a t e r a l  d i f fus ion  i s  reduced 0.005 t o  0.010 m i l .  Obviously, extreme ca re  i s  

needed not  t o  v i o l a t e  any of t h e  forgoing a spec t s  of l a t e r a l  d i f f u s i o n  by 

l a r g e  f l u c t u a t i o n s  i n  e m i t t e r  d i f f u s i o n  c o n t r o l .  

During 

But because of t h e  oxide e t ch  f a c t o r ,  t h e  oxide a t  



The necessary c o n t r o l  f o r  t h i s  d i f f u s i o n  w a s  e s t a b l i s h e d  by t h e  development 

of an improved phosphorus depos i t i on  process .  Control  on t h e  phorphorus 

g l a s s  grown during t h e  d i f f u s i o n  was e s t a b l i s h e d  by a d j u s t i n g  t h e  gaseous 

dopant vapor pressure  i n  t h e  furnace us ing  a by-pass gas  mixing system. 

g l a s s  th ickness  w a s  f u r t h e r  c o n t r o l l e d  by a d j u s t i n g  t h e  doping t i m e .  The 

e m i t t e r  d i f f u s i o n  depth i s  c o n t r o l l e d  s e p a r a t l y  by adjustment of dr ive- in  

t ime.  F i a l l l y ,  phosphorus g l a s s  removal w a s  very c a r e f u l l y  monitored and 

t h e  optimum etching t ime w a s  determined. 

be c a r e f u l  t o  remove only phosphorus g l a s s  and not  a d d i t i o n a l  S i 0  Sub- 

sequent  c leaning s t e p s  r e q u i r e  t i g h t  c o n t r o l  t o  prevent  degradat ion of t h e  

oxide a t  t h e  e m i t t e r  edge. 

The 

It was necessary  a t  t h i s  t ime t o  

2 '  
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V. CONCLUSIONS AND RECOMMENDATIONS 

An improved overlay s t r u c t u r e  has been developed which r e s u l t s  i n  h ighe r  e m i t t e r  

per iphery  t o  emi t t e r  area and e m i t t e r  per iphery t o  base  area r a t i o s ,  than  pre- 

v ious ly  a v a i l a b l e .  

t h e  use of emi t t e r s  as narrow as 0 . 1  m i l .  These advancements r e s u l t e d  i n  u n i t s  

which de l ive red  up t o  2 1 . 3  w a t t s  wi th  6.3 dB power ga in  and 72 percent  e f f i c i e n c y  

as a 430 megacycle c l a s s  C a m p l i f i e r ,  opera t ing  from a 28 v o l t  supply.  

device,  from t h e  305 f i n a l  samples de l ive red ,  had a power out of 17.7 watts wi th  

5.5 dB ga in  and 60 pe rcen t  e f f i c i e n c y .  A t  20 watts ou tpu t ,  t h e  median device 

r equ i r ed  5.6 wat t s  i npu t  power wi th  a 5 .5  dB ga in  and had an e f f i c i e n c y  of 62 

percent .  

and 50 percent  e f f i c i e n c y .  Thus, some inc rease  i n  e f f i c i e n c y  w a s  ob ta ined  a t  

t h e  expense of power ga in .  

The new s t r u c t u r e  and technology developed made p o s s i b l e  

The median 

These r e s u l t s  compare wi th  a goa l  of 20 w a t t s  ou tpu t ,  6 dB power g a i n ,  

The package design i n d i c a t e s  t h a t  s i g n i f i c a n t  improvements i n  power ga in  can be 

obta ined  by f u r t h e r  improvements i n  packaging. If e m i t t e r  l e a d  inductance were 

decreased,  s i g n i f i c a n t  improvements i n  power ga in  and a h ighe r  frequency range 

of opera t ions  would r e s u l t .  
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APPENDIX 
DATA ON 305 TA2675 FINAL SAMPLES 

The power output  va lues  obta ined  from measurements made on t h e  305 TA2675 

sample u n i t s  de l ive red  t o  NASA are l i s t e d  i n  Table V I  . The output  measure- 

ments were made on t h e  tuned l i n e  c i r c u i t  i l l u s t r a t e d  i n  Figure 1 4 .  
t r i b u t i o n s  of power outputs  and c o l l e c t o r  e f f i c i e n c i e s  of t h e s e  samples are 

i l l u s t r a t e d  i n  F igures  41 through 44. 
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